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ABSTRACT

, Current ‘and projected techniques for u%iﬂﬂ’SO}id State Track Recorders
(SSTR) and Huclear Research Emulsions (NRE) for the. measurement of V3F10U¢

nuclear p&rameterév?ﬂ Fast Breeder Reactor (FBR)S Ligut Water Reactor (LURY,
‘and Magnetic Fusion Energy Reactor (MFER) programs v ;?; b@ presented.  Two

categories of SSTR, ‘one for fission fragment detectxon ard thc other for .

alpha part1c1e detection are of importance in reactor ~911cac ions. ELCH&.JA

pd

annealing, and irack read out techniques will be discussed.

Yor FBR prograims, SSTR for fission fragments are uoed fogether with
various f1s51ouab19 isotopes to prevxae information on neutro n f?uence and
f}SS?Gﬂ r“tes at in-core and outu0e~c0reﬂiocat30n3‘ FTS%?D? rates coupl Ted
with radiochemical, ganma spectrometry, and mass spectromeirJ Lechniques
provide measurements of absclute fission yields and capth‘@ to fission

-

atios. SSTR for alpha particles also offer promis e for the measuremen

‘of alpha particle production from 198, SLi, and obher nucl:d 5. SSTR for
fission fragments and alpha particles will be USﬂG for Pre sure Vessel
Surveillance (PVS) in the LWR progrem to ngo 1nformntwow c\ neGitron
.fluence—spectrai The use of SSTR for neutron fluence, helium preductfon,
Primary Knock-on Atom (PKA) observations, and tﬁitium breeding measurenents
are also projected for the MFER program '
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NRE provide information on reutron épectra, including angular
anisotropies. Three specific 'interactions. n-p scattering, °Li(n t)”He,‘”
and 10B(n,t20) will be discussed in terms of the spec1f1c kinds of
information each can prov1de for the FBR, LWR, and ‘MFER progranms.

1. INTRODUCTION

Having set a goal of high accuvaCy in the measurement of neutron 
fluence as‘a function of neutron energy in various reactive aséemb11es,
the involved scientific and engineerihg community is finding itznecessary
to use a variety of experimental techniques and calculational procedures
to reach these goals. No single experinental tec%niqua has proved

doqudte £0 cover the entire enevgy range of interest, “and so much
information, such as cross soctlon data, is needed to obtain high accuraay
that a multi-method approach has proved to be mandatory. Other goals,
such as high accuracy in the mne casurement of fission rates, fission
yields, and helium production rates also make it necessary tc use a
multi-method approach. '

It is not for pure]y academic reasons that . high accuracy goals have
been established. The economics of nuclear power requires optimized
reactor designs. Safety considerations require that highly reliable
knowledge of the neutron flux as'a function of poSition'be known, and
-that the various nuclear reaction rates be accurately measured.

Techniques for the measurement of neutron spectra and of various
nuclear reaction rates in material media fall into two genaral categories:
(a) active, and (b) passive. Active techniques 1nvo1ve the use of
proton recoil counters, ©Li speutrometers, f}ss1on counters, etc, that
give information in the form of electronic signals. Passive technigues
involve the use of multiple foils, Solid State Track Recorders (SSTR),
Nuclear Research Emulsions (NRE), etc, in which the information is
stored and processed after the irradiation is complete.



~ An important advantage of baSCﬁve techniques is.thét”they-are'
‘genera1iy much iess expensive than active ones. Paésivé detectors can
often be irradiated s1mditaneou%]y at various lccations in the rauct:ve
-assenbiy, maximizing the‘knowiedge gained without renormaljzatxon, and
minimizihg the operating time of the reactor devoted to such‘me&suréments.

The purpose of this paper is to focus on the type,of informétionv
that can be obtained through the use of SSTR and of NRE, and specifi-
cally to comment on the state of the art and plans f@f improvement 1in
the application of'these techniques for measurements. in US FBR, LWR, and
MFER programs. ' = ' SR "

A gobd’summary of ‘the range of app]icat%oné'Of‘SSTQ cauvbg found in
the text by F]eiécher, Price and Ha1<er‘3 SSTR have a number of charactﬁr~

istics that make them e«peCYﬁT?y useful in reactor app?1cat10n Among
these are the following: o

(1) SSTR are small in size, offering the . capabz?zty of - h}mh spuce
rcso?utzon in the measurement of heavy charged particle emission, and
produce small perturbations when inserted into the medium of znterest.

| (2) SSIR provide time~integfated observations and ‘give a permanent
record that can be evaluated off-line by differentgréadedut techniques.

(3) SSTR have an enormous range of snnswt1v1ty, whqch can be
~adjusted by the sfrw1gth or geometry of the source of 1ss1on fragwentg‘
or of .alpha particles. . The dynamic range of obse“vablo’grack density
varies at least from one n one event/cm® to » 108/cm?.3 A ‘comparable
,dynamic‘rawge is also afforded by variation ofviource*stréndfh These
two factors can be applied in consort to p“ov1do SSTR iechniques w;t} a,
-range of sensitivity that is virtually unmatched. ‘

(4) SSTR record ever - with high efficiency (if desired), and .
afford absolute measuremc: ", after suitable calibration.b



(5) SSTR, even in the present state of the art for recording

7 fission fragments, yield high accuracy* ~ 1 to 2% (lo). Although dif-

ferences in the measurement of absolute fission rates as chpared with
‘the NBS fission chamber have been detected,5 these differences are small
(v 2-3%) and systematic and thus subject to correction. Further studies
'are.expectéd to eliminate or reduce these differences.

; (6)’ SSTR'yield‘abso]ute fission rates independent of the knowledge
of any nuclear cross section anc of any other neutron standards.

(7) SSTR are highly selective in fecording the events of interest
in a mixed radiation field.. Aithough the influence of high gamma radia-
tion on the track recording chavacteristics of various SSTR requires
:further study,ﬁ,’ ® these are not Tikely to be sources of concern,

. except for meagusements at high power. Muscovite mica, for example, is

, éo selective in recording fission fragments as against alpha particles,
'.that distinct fission fragment tracks have been observed® in a background
of 4 x 1013 alpha particles/em?, and this Timit may be somewhat higher.

. (8) Some SSTR, such as natural quartz crystals, can be used to
yecord and retain fission fragment tracks at elevated temperatures,!?,1!
'3°thus 1niroduc1no the poss1b3?1ty of making absolute fission rate measure-

‘ ments 1n the core of a reactor operating at power.

_ (9) In Many appYibétionS'the'source thickﬂess used with SSTR is so
\Ismal? that f}ux depxessxon and self- sawe?dsng precblems are essentially
»jnon ex1stent '

» ' A pfincfpa? objection ta SSTR tebhnﬁquns is the difficulty of data
‘;read out, and this d1ff1cu1ty should not be underestimated. Manual

'VScann1ng is s1ow and must be done with great care to keep errors small.

;Aluhough Powsson statistics apply to track counting," sources of system-
—atic errors in track counting tec%11qu »s must be carefully evaluated.
High accuracy in manual track counting has been demonstrated." In some



'-rases, dutomat1c track counting proradurec approach f%e acruracy posswb:e

‘ by manual counting,2?,13,1% and the automatic technxaues will certianly
improve, offering an even brighter future for the app11catwon of SSTR

_ tecnanues in re?ctors..

Nuciear Research.Emulsions (NRE) have a Timited but fmportant
application for neutron spectroscopy in reactive assemb1ies. LLike SSTR,
they are also compact'in-size offering high space resolution and small
perturbations. In NRE used to record recoii protcn trapis resulting
from (ri,p) ccatter4rg, edge effect corrections can be reduced to zero up
to at least 3 MeV by accepting tracks'sufficient]y,faf from the emulsion
surfaces.}5,16 This is an advantage compared with proton recoil propor-
“tional ceunters.!? Another important advaﬁtage,'as compared with other

techniques, is that neutron spectra determined from proton recoil tracks
in NRE are based upon the classical cross section for {n,p) scattering.
This cross section is known to the highest acouraéy bvef the entire
peitron energy rance of fntérest in'reactor app?icatighs. NRE also

r

offer the promise of measurements of the neutron ‘angutfar flux.1%,18

NRE require small fluences (< 3 x 10° neutrons/cm?) and are highly
sensitive to gamma radiation. They are thus limited to measurements at
very low power. Ranae straggling also seriously ixm'ts the energy
resolution (w 50 kev) at low energies.

Track readout terhnqtues Tor NRE are slow and difficult, but semi-
, autoraaic techniques have been used and are belﬂg 1m0r0vud \see Section
4 be]ow)

2. Fission Fragment SSTR

Certain SSTR, such as Muscovite mica, quartz glass, and quartz
crystals require o high density of ionization aleng the path of a charged
particle in order tn produce an etchable track.? A1l fission fragments
produce a sufficiently high ionization density to produce tracks, but



.'ajphg particleé, even at low energy, do not. ThiS‘makes such SSTR ideal
for the recording of f1ss1on events in a nngh background of aipha, beta,

‘and gamma rays.

Fof'a given etching solution and {emperature, each SSTR is character-
ized by VT’ the track etch velocity, and VG’ the bulk etch velocity. VT
depends ma1n1y upon the primary ionization rate aleng the track,? and
for isotropic media VG.Ts‘usuaTIy‘the same»ih‘a11jdiréctionS. VG‘may
have different values along different crystallographic axes in crystaliine
substances, such asvmfca and quarti crystals. For a track to be revéa?ed,
VG < VT sin 0, where @ is the angle between the-tréck and the SSTR
surface. As can be seen from Figure 1, the efficiency -for recording a
track is.eXpected to ben=1- sin’@C where sin Gé = VG/V"' For Muscovite
mica, VG = 0 in & direction perpendicular to the cleavage planes. Thus,
it is expected that the efficiency for recording tracks -of fission
. fragments should be 100%. Scattering from the fission source backing
~material could give an efficiency > 100%. quevér; tracks nearly parallel
to the mica surface under given etching Povditiens méy not produce
sufficient optical contrast to be obseived using ordinary optical
microscopy techniques.

Rather thar assume 100% efficiency for mica,'an}empﬁréca?'ca}ibratﬁon
of the "optwca]“ efficiency has been made for etching 90 minutes in 49% '
. HF at room temperature.® In order to measure the opt1ca] efficiency,
i.e., the ratio of tracks counted/cm? to fissions. occurwng/cm2, mica
SSTR were exposed ‘to fission fragments produced by a very thin spontaneous‘-
fission source of 2%4Cm in direct contact with the mica. The optical
eff%ciency was found to be (94.8 + 0.53)%7 A simi?ér,measﬁremént Was
carried out for Makréfol N, a polycarbbnate plastic. The mxfTC?EPCy
obtained was (95.2 + 0.53)%. For both the mica and Makrofol N measure-
ments, the Z4%Ci source had been calibrated with a low geometry’counter‘
Both alpha particles and fission fragments of the 244Cm source were |

ounted with solid state surface barrier detectors."
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.~ (a) For an angle of-incidence less than sinl ’VF/VT,, SSTR surface is
. .removed at a greater rate than the component“of VT normal to the SSTR
surface a1d hence no track is observed

-~ (b) At and above the critical dngie 0. = sin=? (Vo/Vy), tracks will be
o - observed. o



The optical efficiency for mica has been used, in turn, to determine

" “the effective number of uranium atoms/cm? on the surface of uranium

metal from which all fissions will be observed in mica SSTR.pKaced in
contact with this surface.* This result is (1.0981 + 0.015) x 1019 238y
"atsms/cm? and is called the asymptotic sensitivity.

The above optical efficiency and asymptotic sensitivity for mica
have beeh used in the measurement of a number of absolute fission rates.
Among these are the spontaneous fission decay constants of 238 and 7
.291Am,9,20 of various absolute fission yields,?! and of absolute slow
neutron flux.?? Thus far, these results have stood the test of time and
.appear to be accurate. It needs to be emphasized that these results are
indepéndent-of the measurement o7 any nuclear cross sections and of any
other neutron standards. The dependence of the asymptotic sensitivity
on the charge and mass .of the source medium has been investigated by
R. Gon 23 ' '

Table I lists the important characteristics that are known or need
7t0'bé knowﬁ_for precision measurements of absclute fissicn rates with
Athose_SSTR most likely to préve,usefu] for reactor applications. In

order to use fission SSTR in reactive assemblies operating above room

‘:ffempéréture,~ﬁt is apparent that-better knowledge is needed of the
'anneaiihg characteristics of selected SSTR.

: Regard1ng annea]1ng effects, it is known thzm‘w the radiation damage
'.fproouced by a heavy nharged part1c]u in a ngem SSTR can be effected at
~“}evated temperatures so- that the etching characteristics for track
.-reveﬁatiqn'arg'rad{caily thanged;"in some cases to the extent that no
~3vtfééks are revealed at all. The best‘sgwmary of SSTR annealing character-
‘1si1cs ava1]%ole at this t}We appears in the text? by Fleischer, Price,
7f“and Walker. An exam1nauwon of the work on which this summary is based
revea1< that ﬂore complete and more accurate information is nceded. For
‘this reason, a program has been Yaunched at the Hanford Engineering
Development Laboratory (HEDL) to improve this knowledge so that accurate



' (Ss Lo TABLE i
CHARACTERISTICS OF 'SSTR CANDIDATES FOR REACTOR APPLICATIONS

, c o Temperature at® Témperature for Total®
Optical : d Which Track ~Fading for One Hour -

SSTR Efficiency (%) Asymptot1c Sﬂnsit'&ity "Fadihg'Begihs """" Annéaling
Muscovite Mica  94.8+0.53% (1,008 £ 0.015) x 1018 275.450°C - 540-700°C |
‘ T 238y Ftoms/cm? (&) ' R ~ C
Makrofol N 95.2 + 0.53° s 1w0c 200°C
Lexan | C e B ~— en ) > 185°C
Quartz Glass k : ~ 70° - e ' - ===f . ~—~f:
Natural Quartz Crystal  ~80° . ©o000%c o 1050°C

a) Etched 90 min in 49% HF (Reference 4). A
(b) Etched ~ 20h in 6.2 N KOH at room ‘temperature (Refprence 4y,
)

Better results awaiting 2“”Cm source -calibration at HEDL:
Quartz glass etched 5 minutes in 48% HF at room temperature.
Quartz crystal etched in beiling 65% NaOH for 25 minutes.

Y Needs to be known oniy if used with asymptotically thick sources.
(e} From tabuiax;on on pp. 80-83 of Reference 2.

(f) Depends on how glass was manu;aciured each batch must be tested
.keaaraue?j .



corrections for track losses in SSTR due to annealing can be made. It
‘ is even better to define a maximum'temperature'ahd associated maximum
exposure time Tor a given SSTR, that will make such correétions
unnecessary. | |

3. Alpha Particle SSIR

A number of plastics record etth pits or tracks p?oduced by alpha
particles. Among these-are cellulose nitrate (CN), po1ygarbonate (PC),
cellulose acetate (CA), and cellulose ezcetate butyrate (CAB). In this
- paper, two of these--CN and PC are singled out as cffering’the'best
promise to date for precision alpha part%c]e measurenents in rcact1ve
assemblies. ‘

Much of the pioneering work on CN was done by E V BQntonkz“
Because thé track recording fharoctpribnica of CN were found 1o be
éénSitive to the haﬁdf&Cb&V?ﬁﬁ process, aging, u1c kulpt exposure,
storage temperature, etc. Benton®" and othe r°93 26 made hcir own Ci, at
teast until a comme rc:a] source produced Speaif}CB]Ty as a SSTR méteriaI
became available. Varxous types of CN are now‘manufactured by Kodak
Pathe in France. The principai types are: {a) LR 115;.which consists
of a thin 1ayeé of CN (6 - 12 um) dyed a deep red and on polyester
backing. (In'one form it can be stripped from the backing material.)
(b) CA 80-15, dyed pink and 100 um in thickness. It éaﬁ be obtained
coated with Tithium borate so that it can record tracks of “He and 7Li,

<etc, without the use of an auxiliary source. These’ mater1a1§ should be
'refr1gerab90 and exposed to as 1ittle light as p0351hle before us e, and
each batch should be calibrated just before use.

- G. Somogyi and coworkers?7,28 have made extensive studies of a;pha—
.sehsﬁtive plastics. They hove found that the track diameter depends upon
the a1pha particle energy, and for alpha particles incident perpendicularly
on Makrofol £ polycarbonate, an energy resolution of 50 kev can be
obtained fyom track diameter measuremenis; the resolution is not very



'5energy scn31t1ve at 1east up to 6 MeV They use an etch1ng bath com~
'posed of KOH, eth;: alcohol, and H,0. Oaﬁish and Besant?® have demon-
strated that comparable resbiution can be obtained in CA 80-15 CN, and
“Lick has.obtained similar results with his CN.30

C. Besant and coworkers3! have been investigating the applicability
of CN plastics for the measurement of boron reaction rates in Tow power
critical assemblies. These results look promising,_but further work is
needed. h | g '

The use of multiple foil (n,a) reactions has Been'proposed for
‘application in fast neutron spectrometry.32 Some potentiaiiy useful
reactions are listed in Table II. The use of Makfofd} E and of the
various kinds of CN produced by Kodak Pathe are being investigated at
" HEDL and at Macalester College for applications relating to helium
production, etc. Resolution comparable to that reported by Sbmsgyi et
al, by Eesanﬁ et al, and by Liick has been confirmed,lii ‘

Instead of using-an alcoholic etch bath, Lexan PC,- similar to
Makrofol E, can be sensitized for alpha particle regwstrdtwon by proswna
it to intense ultraviolet TadetTOﬁ 33,34 Lexan W1th wwndowo in the
u}trav1o]et region must be selected.

4.  Nuclear Research Emulsions

Extensive applications of nuclear research .emulsions (NRE) have:
been made in nuclear, high energy, and cosmic‘ray physics,35 In this
paper, the current status in the application of NRE tO«neutron.spectro—
_scopy is reviewed. | | ' | '

A comprehensive review of the early work on NRE as app11ed to
“neutron spactroscopy has been given by L. Rosen.36 A forecast of its
continuing usefulness in reactive assemblies has been made by R. Gold.3?



TABLE 11

SOME (n,o) REACTION CANDIDATES

Reaction

6

Li{n,a)”H

Li

120(n,30)n"

B (n,a) O

27 24

Al(n ;a)

463Cu(n,a)6060

Au(n, )7941

For-

(a).

FOR SSTR DOSIMETRY

Q Value (Mev)®

4.7846

2.7916
-5.7044
~7.2700
21,5244
31314
1.7146

6.9666

reactions in which the rESTdb&] nucieus

_ 13 1eft in the oround state



The most useful work on neutron spectroscopy with NRE has made use of

. n-p scattering. Fortunately, the n-p scattering cross section is very

well known over the entire neutron energy range of appixcaiion in FBR,
LWR, and MFER programs. - Three basic techniques are available:2®

4 (1) "The NRE is placed edge-on in a neutron beam (emulsion plane
- parallel or nearly so to the neutron direction), and proton tracks
pfoduced'near,the leading edge are measured. If the angle between the
| ﬁeUtron‘beam and proton track is dencted by 0, then Ep = E cos? @,

where Ep is the proton energy (deduced from the proton range Rp) and En

" is the neutron energy. A good example of this method, which has proved

. very useful when the neutron direction is known, is the precision mea-
sureéent38'of,the neutron spectrum produced in the fission of 235U by
_thermal neutrons. Heretthe resolution depends primarily upon the degree
‘of cbl]imatfoh; range straggling, and the choice Of’gmax’ usuaily < 20°.

{2} The NRE iéip1aced in an evacuated chamber and a thin hydro-
‘gehous radiator is placed in-a neutron beam. The range, RP’ and angle
B with respect to the neJLron direction, of the proton recoils coming

'.f‘from the radiator are measared The reutron. energy E is then deduced

_as in (?) The, resoTut1on depends primarily upon the radqator thickness,
‘;Vraﬂge Jtraggi1ng. the degree of. co]§1mdt1on, and gmax selected for the
measurement

L (3) The NRE s p1aced in ‘a fast neutron env1r 1mcnt such as in a
"frmactor assLTb]y wnere the- dwrect1on between the nautron and recoil
;jprot@n is’ un?newn In thws case, all protOﬂ tracks meeting certain

| *cr1ter1a regard1ng the distance of their beginning and end from either

:EW”]%TDﬂ surt face are measured. Thig tcchn1que has been investigated and
‘,usaJ by J. Roberts, et al,15,16 by C. Beets et al1,39 and by R. Lehman et
21,40 The first two groups have measured neutron spectra in fast critical

 assemb11es, and the last (R. Lehman et al). has been primarily concerned
“with neutrons in-accelerator shielding. The neutron fluence ¢(E) is

determined from the relation:



where E is the neutron or proton energy, o(E) is the n-p scattering
cross section at energy E, n_ is the number of hydrogen atoms per unit

4 p
vclume of the emulsion, and M(E) is the number of proton tracks per unit

volume at energy E.

" The neutron spectra from 0. 3 < E < 1.0 MeV obtained by this method
in NRE have Lompared well with the specirum measured by time-of-flight.1®
‘It should also be emphasized that the absolute integral reaction rate
for n-p scattering over ayéiven energy rangé can be approximated from

“Equation 1, provided the number of neutrons above (E ).y i small or

”" reasonably well known. _if the angular distribution of the incident

'heutronS'is isotopic, Deckers*! has shown that only Rp projected in the

| ;emUTSioh'pléne need- be measureﬁ Since the neutron spectrum is deduced
from the slope of the proton spectrum, many more tracks have to be

"~ measured t0 obtain gaed statistical accuracy as compared with methods

”'m or -(2).

The use of NPE Toaded with, 6L1 has been investigated by J. Roberts
and F. kinxey“?, and by C. Beets et al,3% in the energy range below 1 MeV.
jfUhoreaq some- information down to E ~ 100 kev can be obtained, the

- energy. reso?utien is poor, and tbe broad resonance at 240 kev introduces
4»;f”ser10us problems The use of 10B(n,2at) for E from 4 to 10 MeV has
},.also been Pproposed. B3

" As. ‘mentioned above, it is proposed!® that NRE techniques involving
o n-p scattering, the dis1ntegration products of 6Li(n,t)%He and of
*7108(n 2at) be used to give 1nformat1on on the angular flux of neutrons
" in MFER enVirdnments. Under special conditions, n-p scattering has been
 Q$ed_5y,Iij?mé and Nomotol? to measure the angular flux. Further study
is needed to obtain good estimates of the degreerf anisotropy that can
be detected by each‘of these techniques.



5.  Track Readout Téchn?ques

As pointed out in Section 1, oﬁé'Qf the chief drawbacks in applying
SSTR and NRE is the difficulty of obtaining accurate and rapéd readout
of track data. Reliable and accurate results can be obtained by manual
‘scanning with optical microscopy,* but if many results are nseded, |
- considerable scanning time is required. The great care that must be
exercised in order to achieve the objectivity required of high accuracy
SSTR measurements has a]réady been émphasized &t the first of these
symposia in Petten.* For these reasons, various methods of automatic
or semiautomatic scanning have been tried or are being developed.

For track counting in SSTR, an optical micrqscope'equipbed with
sfepping motors on both the stage and the fine focus control was devel-
oped by Cohn and Gold.'3,'% The instrument, interfaced with a computer,
was quite successful for counting fission tracks in Makrofo! N.SSTRS but
the.countiﬁg rate was quite slow. Problems were encountered in automatic
focusing when mica SSTR were used, as it was éif%icult to keep the '
surface of the mica in focus even with automatic contro) of the fine
focus.13 ‘ '

Various investigators, such as C. B. Besant!? et al, have had
reasonably gocd success by coupling a Quantimet system to an optical
-microscope. Measurements of fission track densities have been reported-
in which accuracies of about 3% ave claimed. As these techniques with
the Quantimet (or similar systems) are refined, it is expected that they
can yield accuracies Qf ~ 1 or 2% for many applications, such as fission
rate mzasuvements. Automatic syétems will need considéréble cross~
checking against measurements carried out with manual techniques, for.
which high accuracy has already been established."

A word should be said about the ingenious system deveioped by Cross
and Tommasino“® and investigated by many others for a rapid electrical
method of track counting. Holes producad in a thin dielectric material,



*lSuCh as Makrofol PC, by éiched'damage,trai1s Qf_ﬁeaviiy jonizing particles,
are counted eléctrically--the so-called "spark” method of counting.
Whereas this Spark‘method has been improved"® to the extent that holes

véan’be counted repeatedly in a given foil to an acturacy of 1 to 2%,
variations in foil thickness and etching characteristics have thus far )
limited the reliability of the technique to accuracies in the 5-10%
range. If precautions are taken to use the method caﬁefully, it is a
recommended technique for applications in which this kind of accuracy is
adequate. The reader may also wish to inveStigate “break- down" counter
techniques,t7,48 49 wh1ch are a more recent outgrowth of the spark
method. ‘ '

For NRE, manual Scanning techniques with an optical miﬁwoscope have
usually been used and are described by L. Rosen.3¢ R. Lehman et al,“0
have used optical microscopes equipped with encoders in the x ,y, and z
coordinates to give d1g1txzed output that was pumched on IBM cards.

As a result of the rapid advancement in_tomputérs‘?n recent years,
vast improvements are possible. Although compTete automation of‘track
read-out from NRE would be very difficult, an,interaétive system can be
used. At HEDL, a Zeiss Universal Microséopé equipped with a motorized
stage is being interfaced to a special minicomputer. The fine focus
controT is also being motorized, and a digitized f:]ar mzcrometer eje-.

p:ece will be available to measure the projected 1ength of very short .
}tracks. This interactive system is expected to incréaseAth speed of -
- NRE frack neasurements considerably and to reddhg measurewmnt errors
‘ This system should also prove useful for certain SSTR app11catwons, such
as in the range measurements of a1pha partwc]es Add1t1onai work on
automatic SSTR readout ‘techniques is on-going at HFDL While proprmetary
requirements prec]ude the discussion of deua71s, 1t appears that sig-
- nificant advancements will be made



6. ~ Specific Reactof Applications

Th1s sebtion gives ﬁxampies of the spe (1f3c pidns that have been
’ developed -for the application of,SSTR and thﬁ NRE in the LMFBR, LKR, and
 MFER programs. It should be emphasized that SSTR will play a particu-
larly important role in the Fast Test Reactor - Reactor Characterization
-Program (FTR-RCP), and NRE will also cdntribute significantly to char-
" acterizing neutron spectra in the Same~program, Applications of SSTR -
~and NRE in the LWR prbgham, espécia?iy for.Pressure Vessel Surveillence
(PVS) stud1es, are also expetted4as plans unfold. A similar statement
can be made for the characterization of the D-Li neutrons for damage
studies of materials in simulated fusion reactor environments.

Coa. App]icataons of -SSTR and NRE in the FTR RCP

Pians have been formulated to .conduct experiments in the FTR-RCP
at three different power Tevels: (1) Very Low Power (VLP), (2) Low
Power (LP), with the FTR operating at about 4 MW, and (3) High Power
{HP), at about 400 MW. Since track densities and gamma ray backgréund
must be kept low (m TRY, NRE can only be used at VLP. To keep proton
_track densities Tow, the neutron fluence must not exceed ~ 3 x 109
néutrons/cmz., Since the neutron intensity decreases. rapidly with increasing
distance from mid~h7aﬂe, three emulsion irradiations have been reccmmended,
1nc1ud7ng a background 1rrad3ation Tie background 7rrad1at10n wou?a be-
performed with all rods in, k off ¥ 0.9 for about eight hours. The
second irradiation will require k off ¥ ~ 0. 98 for a 1.5 hour duration, and
for the exposure of NRE beyond the core region in the third xrradwabwon,
a one watt power 1eve1'wi71_be reQuire& for about eight hours. It is
planned to use I}fcrd L4 type emulsions, sénce'these'are‘fine grain .
emu]sions and shoU]d give data down to ~ 0.3 MeV and up to at least 3
MeV.. Data at higher energies will be available in these emulsions, but
would require much more extensive scanning to obtein meaningful statis-
 tics, and éare must be taken to evaluate the probability that long
proton tracks will escape through the emulsion surface.



SSTR fission rate measurements at VLP are also p}aﬁned,‘;Abso]uté |
fission rates as a funttion of iSotope and positiow'wi?i be made with
SSTR and rad1ometr1c dosametera, which can be compared with NBS a absolute
fission chamber results. - These measurements will provide absolute
fission rate measurements for power normaixzat1on with subsequent LP an dA
HP irradiations.

In Table 111, axial Tocations recommended for those VLP experiments

most directly related to meaSurements with SSTR are compared with recom- =

mended locations for VLP-SSTR measurements. Tablé IV gives SSTR fission
“deposit reéu%remeﬂts for the high priority isotopes at these various
1ocations These requirements: are dOSTgﬂed to give stai:stwca? precrs1on
at Teast as good as 1% (Tc)

In the measuremerts at LP, SSTR wz%? be usej pr:mar21y to detnrmine
the absolute number of fiss1ons/qm of various isotopes so that absolut
fission yields can be measured. In the LP fissicn yield experiments,
irradiation capsules containing radiometric-dosimeters in close proximity
t0. SSTR will be.exposed in speéi&??y.designed,FTR fuel pins called -
characterizer pins. EXposures'of SSTR and rad%émetric dosimeters in

close proximity provides not only fission product yields but conversion
vacters for the direct use of radiometric dosimeters, i.e., the so |
called k-factors, which give absolute fission rate calibration factors
for the. given radiometric counting syst»m. The radiométricvdosimeters
“are analyzed off-Tine by appropriate gamma-ray sbectroscopy counting -
systems for specific fission products.

Since both fission product yields and kaactors'can:exhibit neutron
energy dependence, in-fuel measurements over a wide rangé~0f.in—core
locations will be mandatory to meet FTR-RCP accuracy goals. The LP
irradiation will provide a unique opportunity for direct in-fuel obServa¥
tions. Tab]es V and VI give recommended LP {ission rate locations and

the SSTR floS]Oﬂ depaswt requirements, re%pfct1ve1y The recommended
locations for these SSTR-LP measurements are also shown in Figure 2. Of



| TABLE 111 |
AXIAL DOSIMETRY LOCATIONS RECOMMENDED FOR VLP IRRADIATIONS* |

v=-Spectrometry n—Spectrbmetry y—Caforimetry NBS Fissfén Chamber - 'SSTR Fission Rates
(IRT Expt. 1) (IRT Expﬁs. 3-4) (IRT Expt. 6) "(ERT‘Expt; 7) "(IRT”EXptI 8)1{IRT'EXpt. 11)
0 | 0 0o | o I o0
53 ©o53 o 53 3
122 122 S VA s | 53 s3

1220 122

*Distance above mid-plane in centimeters. .



R - TABLE zv _
‘<VLPessTR zssxuw weposzf REQUIPFﬁcNTS

;?‘v o SRR Thickness® - No. of Deposits Tmcknessb .No.'of Deposits.
“¥py S os 3 o 0.1 ,7 B
, R Y 1 1.8 ‘ 7
Uy 2 2 0.5 2
0 e 4.0 , 1
| 125.0 1 7.5 - 10° 1
2ilpy 05 3 0.1 3
5 9.0 ] 1.8 1
235y 0.5 3 0.1 3
9.0 ] 1.8 1
238y 26 2 4.0 2
120.0 1 32.5 1
. 2 S 1 1.5 -.10% ]
Trner Driver 7.5 3 0.5 3
35.0 1 7.0 1
Outer Driver o 2.5 3 0.5 3
| 35.0 B 7.0 1

a) Deposit thickness in ug/cng 1.27 - 30"2

cm SS source backing - 1.905 cm diam.;
active deposit diameter 1.27 cnm.

. . . ' . ) . -
b) Deposit thickness in nanegrams/cng .27 » 10 "cm SS source backing - 1.905 cm.

diam.; active deposit diameter 0.35 conm.

c) Asymptotically thick source, a_ = 1.09 - 1019 atoms/cm2 for 238

U.



TABLE V.

AXIAL LOCATIONS FOR'LP FISSION PRODUCT YIELD MEASUREMENTS

'Charactérizer Assemb]y (CA)
2101% |
2300
2405% |
2507
2608*
2711 |
2811
2404
2606
- 2707
2909

- Axial SSTR Location'

0, +38, +53, + 122.

’;mid;p1ane only

0, 438, 453, + 122
‘ 'ﬁid&b?ane only
0, 438, 453, + 122

‘miduQEane oniyk

0,438, +53

mid%p}ane only

: m{d4p}ane only .’
‘miéwpiane only

: mid«p?ane only

'TDistaﬁce in centimeters, above and be?ow_midwpiéne‘(z = 0).

"*An.additionaW central pin location, Z = -122 cm§:i5»u3éd for

239Pu‘on1y.



_ TABLE VI
PRIORITY NO. 7_LP~SSTR FISSIONlDEPOSIT REQUIREMENTS*

Isotope Thickness No. Thickness No. ' Thickness No. Thickness No. . Thickness
2%, a0 15 w0t 6 x102 6 ox10% 5 3x107!
2805, 4x1072 10 6x1072 4 3x10”" 4 2.0 5 5.0
| 8.0 1 120 3 800
2810y 5x1073 15 1x1072 7 3x1072 5 x107h 3 3x107F
2%y g0 15 w0 7 a0t s 81072 - 2 3x107!
238, 3x1077 10 5107 3 1.6 5 5.0 3 27
o R 70 2710 3 16,000

*Depcsvt thzckness in nanograms/cmz, 0. f4 cm diameter SS 316 backing, 0. 0127 cm thick, w1th
an active .deposit d1ameter of 0.35 cm centered on the SS baCKTng

No..-

{33



© 4 MW -1 DAY DOSIMETRY EXPERIMENT
FTR CORE MAP

KUMBER OF 1 1
AXHAL LOCATIONS :

CHARACTERIZER : 2909 2707
ASSEMBLIES I

CHARACTERIZER
PINS

em fcm
4169+ - +169
+152 : L4152
nz4 ~ o 1 g ’ o) C ¢ Lz
491 ' - 491
+6) - . ) . - N
o) ‘ <L @ ) e
440 ~
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(BoTIOM % | . . . : - 6
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-9+ S : » ‘ : ' =
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MP ~ MID-PLANE ONLY
© - AL {5070PES
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FIGURE 2; Priori{y No. 1 Dosimetry Locafions for the LP Fission Product
Yield Irradiation.



?owe% priority are measurements with 232Th,.233u, 237Np, and 2%2Py, In ..
* addition, (n,a) reactions with 6Li and 0B can only be made at VLP,
since plaétic SSTR can not be used at the high temperature (v 400°F)

- environment of the LP irradiation. ' ’ '

SSTR fiss%bﬁ rate measurements will also be conducted at HP. Here,
fission source deposit requwrevent% are in the sub-nancoram range, and
‘only natura? quartz crystals appear to be suitable SSTR candidates. 2 1In
'- any other SSTR material known, the radiation damage along the path of a

..fiSSion'fragmentlwiT1 anneal at HP in-core temperatures, so that etéhing
‘wi11‘not‘revea?lt%acks. As mentioned above (Section 3), further experi-
_umen%s‘to*évéiuate the annealing'characteristics of quartz crystals and
~ of other SSTR are in progress at HEDL.

Natur&?‘d&aﬁtz'crysfa?s contain; perhaps, the lowest levals of

 trace heavy element impurity. of all possible SSTR candidates for HP

"appTwc tions. §7nce HP source deposit recguirements lie in the sub-
.ﬂanoa? am range, trace Heavy element impurities could produce thP enough

o bac?greund track densities to compromise accuracy goals. Of al 1 SSTR,

" “these two rewarkab?e attrlbutes make natural quartz crystals & iruiv

ﬂ.fbmaut1fui g]Tf of nature, 1n Lhat they are uniquely suited for HP
'"fa0p§1cat10n< '

(b) App?wcanxons of SSTR and of NRE in the Light Water Reactor -
Presqure Vessel Surv01liance (L HR PVS) Drograw '

: As in the Case of the FTR RCP a variety of techniques to measure
‘ the ‘neutron fluence as a function of energy and position are needed for

‘“=fgthe_LAR~PVS program. The.tectnxques deve?oped for the standard and

- reference fields need to be applied to various controiled fields such as

U PVmockups, theank Ridge Reactor Pool Critical Assembly (PCA) and Pool

' 451de Fgc111uy (PSF), as well as actual operating light water reactors.

 'The use of SSTR and of NRE is being planned to contribute to our knowledge
of the neutron fluence to be correlated with radiation damege in LWR
pressure vessels.



ﬁgair,'the‘usp'of Y?F’w137 be 1 M“Léd *o env:ranﬁmn+s in wh?fn the

neuxron and qawma f1p?q% Qre Tow in 1ﬁte%\1ty, precwmiz ary tests ave in
progress to determine which: @fV?”uﬂ‘%qLS are suitable. As in.the case
of the FTR-RCP, NRE wi}}.ngn data on neutron spgcira, primarily from
0.3 to 3 MeV, including iriformation on“the ang ular flux.1® As before, -
the aogoﬁute recoil pro.ton tr ck distribution alsc nges knowlndqa of
the interaral n-p swatteri ing ‘over selected cneray WﬂtﬁfVc.S. Since the
n-p scat+er;ng cvoss secticn is so well knowr, this information should
provw*e a gead check on/normalization for data from other SONSOYs as
well s for ancorporatlon in mu1t101c foil Lnfu?d ing codes SULh as
. /

SAWD II L .

Selécted SSTR, along with muitiple foil tcchnwﬁxass will again piav
a.major role in the LWR-PVS program. In tests asso”““ted with an actual
operating reactor, where the flux Tevel is net likely to be constant

~with time, the EIEeE integrating nature of SSTR fs'aﬂ importent char-
acteristic for total fluence measurcments. The wide r*nun of sensitivity
of SSTR to neutrons and insens itivity to other nuc?ear vao;atwcn, iong
with other advantages (see Section 1), combine to make the roiwAGf SSTR

a2 valuabie one in the LWR-PVS program. Agaiw. for eﬁv1rﬁnrez in which
the tCsﬁe;alLve is high, the annealing cheracteristics of selected SSTR
'need to be well understood, and care needs to be exercised in the prepara-
t?Oﬂ calibration, ard selection of sources of f*ssvon Fragments ard of
a]pha particles.

Speculations .on possible contributions of photo-fission to observed
nuclear reactor phenonomena, especially in reaétor ddsimvfrv have been
contewp?afed for many years. Since hi gh enerqgy gumxa ra”s are not
attenuated nearly as well as neutrons by the water moo@rator of | LWR, a
stgnificant background due to photo-fission could be present in dataA‘
obtained from some of the fissionable fsctopes-seiected for LWR-PVS
neutron dosimetry. However, the relative contribution of photo-fission

“to the total fission rate changes rather sensitively from one fissionable
isctope to the next. In view of the many fissionable candidates availa



for neutron d031mctvy3 e.q., ?“zTh 2354, 237Nb 239y etc., SSTR meaéuré-'
ments with apmropYWBTe combinations of these fissionable isotopes should
provwde est1wates for the contribution of photo-fission, if it exceeds a
few percent. Since many SSTR dosimeters can be simultancously used at
one location, this approach of investigating photo-fission contributions
“has a number of distinct advantages. Pérhapé the most notable of thése.
‘advantages is the ability to provide in-situ observetions at critical
locations in actual LWR-PVS environments. .

(c) App?1cat10n of SSTR and NRE in the hagnetTL Fusion Fnergy Reactor
(MFER) Program

’The 61 (n,a) reaction plays aifuhdamenﬁa1 role in MFER, since it
will be used for tritium breeding. Since this reaction is such an
}mportant part of the fusion cyc?e, it piays a basic role in the design
- and optimization of MFEl To forecast the amount of tritium prodUCﬂd
accurate knowledge of this cross section is needed up to 14 -MeV. The
TR, as described in Section 3,

latest developments in alpha particle SS

ﬂ‘

-h
-3

make these detectors ideally suited for such cross section measurements.
Beyond the general benefits of SSTR already cited, a fuller account of
* the specific advantages of SSTR for such crucial cross section measure-

ments can be found in very recent veports.°0,5!

. Fast neutron'specﬁva will be much havder in controlled fusion
reactors and in accelerator based D-T and D-Li scurces than in LWR and
FBR environments. Techniques developed for fission reactor applications
may.not -be readily applied to spectrg ar1a1ng in MFER environments.
Mu1t1p]e foil activation, as well as LP1o]d1rg TeChﬂ1OU“S developed for
their 1Pterpretat1on, will unddubtedly COntiﬁqg to be of major 1mportance,
but much improved neutron activation cross section data for the region
from 15-30 MeV will be needed. ‘

It appears that the use of both fission fragment and alpha particle
SSTR will make important contributions to our knowledge of MFER neutron



spectra. Al of}thé‘adVahtages of SSTR will be important here. Bqt; asl

45 true for multiple foil activation, additional data on neutron induced

~fission cross sections and on (n,a) reactions are needed for the proper
~dinterpretation of the results. Also, additional work will be required

 to measure alpha particle spectra with SSTR; due to a high background of

vC,-N,-O recoils in the plastic SSTR, not only will it be necessary to
measure track diameters but also tiack lengths in order to do reliable
'élpha_particJé spectroscopy.?® The C, N, 0 recoils, however, are them-
’ fsé1yes'a potentia} source of neutron fluence information, as is already
~béihg,éxp101ted‘in,heutron personnel dosfmetry, especially through the
_useyof~electrochemica1 etching.%2 As better track recorder materials
are found énd developed, it is %easonably safe to forecast that the
attvact1veness of these technigues is likely to improve with time. It
:-may even be posswb]e to do neutron spectroscopy with proten recoil
,.trucks in SSTR, 1f 1mptovenents in sensitivity contqnue.53

_ ,Somé (n,a) reactions that are 1ikely to be useful for neutron

- fiuence measurements which have alveady been giveﬁ'in Table 11.. Other
‘ gpossibi1fﬁ§es for the high energy end of MFER neutron spectra not listed
:'inc]udé neutron iﬁduced fission or other reactions in nuciides with
_'tatom1c numbnr Z < 90. Here agavﬂ, cross section data is needed and a
iiconsxderat7on of these poss1b1}1t1es merits serious attention.

It has been prﬂposed by R. Gold>* to use SSTR to obtain: data on

f?fiPr1mary Knock-on Atams (PKA) resulting from neutton interactions in
"*fsta1n1ess steel and in other macer1a1$ tnat may be used in CTR. Informa—

. .jft1on on PKA spectra can oniy strengtlun our knowieﬁge of damage cross

'.:« sectaons and damage functions. To 1nvest1gate the feasibility of obtaining
B flnformat1on on PKA,spectra, it is proposed to study the possibility of

*using such SSTR as phosphate glass and Lexan to measure leakage spectra
- from the surface of the material being irradiated.

In addition to passive PKA measurements with SSTR, active PKA
measurements may be feasib]ejfor exampley, with proportional counters.



It is we?] known that f1n7te size cffects hamper the ‘high Lwergy app]xca-
bility of 4n-recoil Droportwonal yountev neutron spectrometry.l17 37

Rather than consxdering such wg]1 events as a nuisance, PKA obScrvations
in proport1ona] counters may amusxwgiy enougn be possible by focuswng on.
k,such wall events. The is o;ope or waterwa} of interst can either form ‘
the counter wall, or an appropr1ate liner of this material can be inserted
into the propﬂrt1o a1 counter to form the cathode. Highlyiépeciaiized
proportiona] counters will, no doubt, be rcqurred Such counters‘wili
have to be specifically designad; constructed and arproorwate]y filled
in order to carry out such investigations. Pu]sa -shape (rise- t1ne)
~discrimination will undoubtedxy be u;efu? to resolve PKA events from

backgrou d | Ll _ : ,

Unfortunately, actiQe fonization-type observation of such low-
energy heavy jon PKA spectra does possess an important fuhdamenta?
Timitation. The electronic <t opping power of these Tow gnergy heavy
ions decreases draSL?ca&!y relative to the nuclear stopping power for
decreasing heavy ion energy. _1ndeed§ this vevy behav1or has already
been advanced as the basisvforfthé remarkable ability of Si(Li) detectors
to discriminate against fast neutrons in Compton-Recoil Gamma-Ray
Spectroscopy. A fuller discussion of this phenomenon can be found in a

ompanion paper presented at this sympesium.®5

In constrast, SSTR observations do not suffer from this basic
limitation of active ionization-type measurements. It has been shown56
that the energy loss of slow heavy ions in dense SSTR media is due’
prfmar?ly'to nuclear scattering ?ather than tc ionization. Thus, SSTR
can be used to measure lovier partWUKe energies than 1on12at10n detectors
such as proportional counters. Tracks in SSTR, resulting from the
stowing down of heavy ions through nuclear collisions, have been
observed throughvetéhing such materials as mica, phosphate glass, and



. Lexan PC.* Gne shuu}d be able to take advantage of thws property by
.u51ng track replication teuhn1QUﬁs57 and scanning electron microscopy to
measure PKA spectra, which will be harder (more energetxc) and more
_copious 1n MFER than FBR or LWR environments. C1ear?y, much work has to
be done to develop suitable technxques forvsuch measurements énd to’
estab?ish limits of accuracy. One serious 11mit.on:accura¢y of energy
measurements s the Targe range straggling for such slow particles.
Nevertheless, the use'of-SSTR for measurément of PKA spectra looks
promiéing and a carefulﬂinvestigat%on is clearly Warrénted.

v Anothef phenomenon that may prove useful for infdrmatien'on PKA
spectra is "etch induction time", as recently studied bx‘Ruddy et al.>8
The time-of the observed initiation of the’etching_process at the surface
~ of CN, after irradiation with ions of different cbarge and energy, is a .
function of charge (or mass) and enérgy This phenﬂmgnon needs further
.study, especwa??y for its ut111ty in the measurewent of PKA spectra.

Due to the accurate knowledge of the n-p scattér?ng>tress_secii0ﬂ
up to 30 MeV and beyond, NRE offer great prdm%ée for neutron sbeétra‘and
fluence méasurements'in the MFER program. However; owing to high gamma-ray
sensitivity, NRE must be used at "reactor" startup, before large quantities
of gamma'emiﬁting nuclides have been produced from neutron capture at
high power operations. Proton escape probabilities from emulsion surfaces
must be carefully evaluated for these higher energy épéctra and competing
' reactions in the emulsion need to be studied. The use of other charge
partxcle reactions, and the fact that angular flux 1nf0rmatxon can -be
' obtained, have already been mentioned. A1l of thece faciors are considered
in greater detail in a cempanion paper pvesented at this’ symposium. 9

*Woods, Hart, and Fleischer (1973, unpublished but referred to on p. 142 of
Ref..2) found that tracks can be etched of Fe ions with energies only
above ~ 50 kev/nucieon in phosphate glass. J. H. Chan, using a Scanning
Electron Microscope (SEM) to study formvar replicas of etch pits in Lexan
detected Fe ions down to ~ 3 kev/nucleon (unpublished, but referred to on
pp. 142-43 in Ref. 2).



NRE should be used for the characterization of accelerator based intense

“peutron sources, vwihich are used to provide simuiated MFER environments

for radiation damac- =tudies. The neutron flux generated by these
accelerator source: ° ch as the D-Li reaction, is a very rapidly varying
function of energy - angle. In such environments, NRE afford the
%b%lowing-unique atvantages:

(1) Absolute measurements are possible; reliance on the well known
“{n,p) scattering cross section has already been stressed.

( ) Low cost re7at1ve to alternative methods; low intensity expo-
;svreo cun “be svmultaneﬁus]y conducted at many different angles.

- (3) In-situ observations with virtually no perturbation of the
‘environment. |

(4} Spectral measurements can be extended down to ahout 0.3 MeV,

wihich is lower than aiternative methods.

In-view of these extensive advantages, l?h provide en excellent
"CGmpicment act1ve spCCTrometry me thods, such as time-of-flight or
V”teléscbpe»cauntenv, for the study of these simulated MFER environments.

7. Conclusions

A

_ hes alveady been emphasized, accurate knowledge of neutron
~fluence .and of various reaction rates in neutron fields associated with

W

,the'FBR,lLMR,land MFER"?Yograms can only be obtained by emplioying a
fvaffétv of tééhnjqugs, both active and passive. It has been the purpose
f‘bf this paper to discuss the kinds of information that are expected to
“coma from the use of SSTR and of NRE in these programs. Some of these
forecasts ,‘sucﬁ as the use of SSTR to measure PKA spectra and the feasi-
: bi?ity of using p]a<t7c SSTIR for accurate (n,a) measurements in reactive
assemblies are somewhat speculative, since neither are accomplished
facts. Nevertheless, the continuing progress and widening applicability



of SSTR techniques‘warrants considerable optimism, even in theéé7areas;k>
~ Techniques have already advanced to the point that most of the proposed
applications are feasible and, ifAcarefully executed, should give the

desired accuracy.




.’

™D

REFERENCES . -

W. N. McElroy, R. Gold, E. P. Lippincott, A. Fabry and J. H. Roberts,

~“Spectral Characterization by Combining Neutron Spectroscopy, Ana1vL7ca3'

Calculations and Integral Measuréments," Consultants Meeting on Integral
Cross-section Measurements, Vienna, (1976), Report INDC (NDS)-81/L,
IAEA (1977). . :

. R. L. E]e1scher, P. B. Price, and R. M. Na1kcr Nuclear Tracks in Solids,

Princxp?es and Applications, Univ. of California Press, (1975).

G. CPOZaz; R,‘Drozd, C. M. Hohenberg, H. P. Hoyt, Jr., D. Ragan, R. M.
Walker, and D. Yukas, "Solar Flares and Galactic Cosmic Ray Studies of

~Apollo 14 and 15 Samples", Proceedings, Third Lunar Science Confererce,

3, 2917, Cambridge, MIT Press. (1972).

. o ..
. "

0.

SRR

R. Gold, R' J. Avmani, and J. H. Roberts, "Absolute Fission Rate Measure-
ments with Solid State Track Recorders," Nucl. Sci. and Engng., 34, 13,

‘(]068)

J A. Grund] D. M}_Gi1iiam, N. D. Dudey, and R. J. Popek, "Measurements
of Absolute Fassion Rates", Nucl. Technol., 25, 237 (1975).

H. A. Khafi, M. A. Atta, S. Yameen, M. R. Haroon and A. Husain, "The
Effects of High Gamma Doses on the Response of Plastic Track Detectors,”
Nucl. Instr. and Meth. 127, 105 (1975).

H. Takemi, Y. Kinoga. and M. Shenagawa, "Effect of Gamma Irvadiation on
Celtuloid Film and Related Influence on the Registration of Alpha

,iTracks , Jour. huc? er .and Technol., 10 214, (1973).

M. A Gornaa and M. A. EL ~-Yolaly, "Usability of Track Detecters in Mixed
Fields of Neutrons aﬂd Gamma Rays,“ Nucl. Materials and Meth., 134,

- 252 (1976).

“R. Go}d R. J Arman1, and J. H. Roberts, "Spontaneous Fws$ion Decay .
Constaﬂt of 241 Am,” Phys Rev., C, 1, 738 (1970)

AH.ﬂD. Kosan<e, ”Trac“ Etch Rogxsirants for High-Temperature App11Ca%1ons“,
Trans. Ami‘Nutl. Soc B 15, 124, {1972).

%l}A;.Khang ““atura] Qu%rtz A Useful Detector for In-Core Measurements,"

© MNucl. Instr. and ?pbhoda, 128, 245 (1975).

R P

13,

C:;B. Besant and E. R. Truch, "Automatic Image Analysis in Track Counting”,
Microscope 20; 127, (?972).

C. E. Cohn and R. Gold, “A Computer Controlled Microscope for Automatic

Scann1ng)of Solid State Nuclear Track Recorders” , Rev. Sci. Instr. 43,
12 (1972 o -



14.

15,

17.

.‘1.8;i
19.
20,

AN
22,
3152,24¢

26.

‘R. Gold -and C. E. Cohn, “Ana?ysis of Automatic Fission Track Séanning in
Solid State Nuclear Track Recorders", Rev. Sci. Instr., 43, 18 (}972)‘

J. H. Roberts, "Absoiute Flux Measurements of Anisctropic Neutron Spectrai"

With Proton Recoil Tracks in Nuclear Emu131ors”, Rev. Sci. Instr. 28, 667

(1957).

J. H. Roberts and A. N. Behkami, "Measurements of Anisotropic Neutron
Spectra with Nuclear Emulsion Techniques," Nucl. Appl. 4, 182 (1968).

R. Gold aﬁd E. F. Bennett, "Effects of Finite-Size in Ar-Recoil Pfopora
tional Counters", Nucl. Instr. and Meth. 63, 285 (1968).

J. H. Roberts and R. Gold, "Nuclear Emulsion Techniques and Data Needs
for Fast Neutron Angular Spectrometry,” Symposium on Neutron Cross Sec-
tions 10-40 MeV", Brookhaven National Laboratory, May (1977).

- T. Iijima and S. Nomoto, "Measurement ‘of Anisotropic Fast Neutron

Spectrum w1th ‘uc}ear Emuisions", Nucl. Sci. Engng. 22, 102 (1965).

J. H Robe!ts, R. Go?d and R. J. Armani “Spontaneous F1<s101 Decay
Constant of 238y," Phys Rev., 174, 1492 (1068)

R. d. Armani, R. Gold, R. P. Larsen, and J. H. Roberts, "Applications
of Sclid State. Track Recorders in Absolute Fission Product Yield
Measurements", Seventh Collogue International De Photographie
CorpuSCLlalre Et Des Detecteurs Visuels Solides, Barcelone (1970},
Eds. P. Cuer and R. Schmitt, Vol. IL, pg. 495, Laboratorie de Physique

Corpusclaire, Strasbourg.

F. J.ACongel;,J. H. Roberts, R. J. Armani, R. Gold, J. Kastner, and
B. G. Oltman, "Absolute Slow Neutron Measurements with Sciid State

~ Track Recorders," Seventh Collogue International De Photographic

Corpusculaire Et Des Detecteurs Visuels Solides, Barcelone (1970),
Eds. P. Cuer and R. Schmitt, Vol. II, pg 469, Laboratorie de Physique

'COFPUSCW&TY@ Surasbourg

. ‘Rﬂ Go!d, “Mass and Charge Dependence’ of SSTR Asymptotic Sensitivity",
‘Proceedings of the First International. ASTM-EURATOM Symposium on
Réacfor Dosimetry Petten, EUR 5667 (1977).

E V Benton, ”A Study of Charged Part1c]e Tracks in Cellulose Nitrate",

- US NRDL-TR~68~- 14, (1962).

S. B. Lupica, ”Improved Cellulose Nitrate F?]m for Detection of Alpha
Pdri1c]es,“ Radiochem. Radional, Letters 21, 31 (1975).

H. B. Liick, "A Plastic Track Detector with High Sensitivity," Nucl.

Instr. and Meth. 114, 139 (1974).



27,

28.
29.

- 30.

T :31.

C32.
2o "Detection of Fast and Slow Neutrons by Etch Pit Method of Nuclear

AG Somogyi and B. Schlink, "The Appiicat:gn‘of Solid-State Track

Detectors for Measuring Airha Particle Angular Dvsir1but:ons in buc]ear
Reections,” Rad. Effects 5, 61 (1970)..

G. SomOgyi, K. Grabisch, R. Scherzer, and M. Enge, "Pevision of the
Concept of Registration Threshold in Plastic Track Detectors," Nucl.

Inst. and Methods 134, 129 (1976).

A, Y. ‘Q;%;sh and C. B. Besant, "Detection Efficiency and Range Determi-
nation of Alpha Particles in Ce??ulosg Nitrate", Nucl. Instr. and Meth.
138, 493 (1976).

H. B. Luck,'”Investigation‘on Energy Resolution in Détecting Alpha Particles

Using a Cellulose Nitrate Detector”, Nucl. Instr. and Meth. 124, 359 (1975).

T. Lycos and C. B. Besant, "Measurement of Fast Reactor Reaction Rates

Using Solid State Track Recorders", Microscope 24, No. 3. 199 (1976).

M. A. Kenawy, M. E1-Fiki, S. El-Konsol, M. A. Fodel and M. A. Basha,

© Track Registrations in Plastics", Program and Abstracts, 9th Inter-

.33

t340

3.

S,

40.

~national Conf. on Solid State Nuclear Track Detectors, Neuherberg/

Munchen, Sept. 30 - Oct 6§ 1976. (P. 8.20).

4&‘ ,«’«XJ -»x\,ﬂ,
E. “N} Benton and R. P Kiﬂkeﬁ "Sensitivity Enhancement of Lexan Nuclear
Track Detector", Nucl. Instr and Meth. 70, 183 (1969).

W. - F. Crawford, W. De Qorbos and J. S. Pquhrey "Enhancement of Track

" Etching Rates in Charged Particle - Irradiated Plastics by a Photo-
- Oxidation Effect,” Nature.220, 1313 (1968).

W. H. Barkas & Nuclear Ressarch Emulsions I, Techniques and Thoory,
Academic Press (1963), and I1, Particie Behavior and Emuision Application,

- (Ed. D. A;vaans); ACademic Press (1973).

‘L. Roseh;‘"Nuc?éar Emulsion Techniques for the Measurement of Neutvron
Energy Spect“a,” N&c?eoaics']], 32 (1953) and 12, 38 {1953).

.R. Gold, "Neutron Spebtrometry for Ppactor App1xcgttons Status, Limita-

t1ons ard Future Directions”, Proceedings of the First International.

,’ASTé EUPATOﬁ SympG51um on React@r DOS?metry, Petten, EUR-5667 (1977).

 .L Cranberq, G. Frye, N. hereson, and L. Rosen, "Fission Neutron Spec-
. trum of 23°U," Phys. Rev. 103, 662 (1956).

C.‘Beets, et al., ”Speétra? Analysis of Fast Neutrons in Assemblies 42

and 43.0f ZPR IIT1 by means of Nuclear Emulsions", Radiation Measure-

ments in Nuclear Power, Inst. of Physics & the Phys. Soc., London (1966).

R. L. Lehman and 0. M. Fekula, UCRL-11321 (1964).



41.

42.

43.

44,

47,
48.
49,

50.

51.

53.

54,

"H. B. Lick, "Energy Spectrometry of Protons by !
403

H. Deckers, "Calculation of Recoil Spectra Induced by Fast Neutron

Spectra in Nuclear Emulisions,” Nuci. Instr. and Meth. 13, 224 (1961).

f ¥}

J, H. Roberts and F. E. Kinney, Measurement of Fast Neutron Energies by
Observation of ®Li{n,s)3H in Nuclear Emuisions Loaded with L4 Giass

" Specks,” Rev. Sci. Instr. 28, 610 (1957)

G. M. Fryé and J. h.'&aﬁme1, ‘IJB(n,TZQ) and 1CB(ngdﬂ 2&)-Reactions.for
6-20 MeV Keutrons”, Phys. Rev. 103, 328, : :
R. Gold, "Critical Requ*réwgnts of 'the SSTR Hethod”, Proceeding of the
First International AQTﬂ UAA’O( Sympoesium on. Reactor Dosimetry, Petten,
EUR-5667, (]977) S : . : N

W. G Cross and L. Tonnaswno, "Rapid Reading Technique for Nuclear
Particle Damage Tracks in Thin Foils, Rad. Effects 5, 85 (1970).

W. G. Cross and L. Tommasino, "Improvements in the Spark Counting

Technigue for Damage Track Heutron Dosimetry™, First Int. Symp. on

Neutron Dosimetry in Biclegy and Medicine, 15-18 May, Neuherberg,
Germany R : : . BRI

L. Tommas1no, N. Kle 1%, Msd P. SoTomon, “Thln»swbmr rfﬁkﬁOn Counter

~of Fission Frdgmenas . Jourc of Appl. Phys. 46, 1484 (1975).

N. Klein, P Sulomons and L. Tommasino, "Thin Insuiator Current Pulse

Counter of Fission Fragments”, Nucl. Instr. and Meth. 128, 119 (1975).

e
a

L. Tommnasino, N. Klein, and P.ASo?omon, "Figssion Fragment Detection by
Thin F1§ Capacitors = 1 Breakdown Counters" Nuclear Track Ultecti@ﬂ, _
1, 63 (1977)'a}so "1I Current Pu;se Counter and Mechanisms”, ibid. 1, 71,

{1977).

R. Gold and J. H. Roberts, “SQTR Measurement of tﬁﬂ 65'( ;o) Angular
Differential Cross Section™, LMFRR Reaction Rate and Dosimetry, Tith
Progress Report, HEDL-TME 77 34 (1977). :

J. H. Roberts and R. Gold, "SSTR Measurement of (n.c) Reactions for
Reactor App?i”atio“q“ LMFBR Reaction Rate and Faszmet ry, 11th Progress
Report, HEDL- ﬁE 77 34 (1977). :

G. M. Hassib, J. H. N.. Tuvn, and J Dutranroes, "On the Electrochemical
Etching of Neutron-Induced: Tvacis in Plastics and its App;icatxon to

Personnel Neutron Dosimetry", 9tk International Conf. on Solid State

Nuclear Track Detectors, Neuherberg/ﬁuaich, 30 Sept - 6 Qct., 197

ns
1974)

et £33

fes of a D}e*e tric

R. Gold, "PKA Induced Equilibrium Spectra", Bull. Am. Phys. Soc. 22, 25
(1977) . ‘

Track Detector” Nucl. Instr. and Meth. 118,



5b.
56.
57.

58.

59.

R. Gold, "Enyifonmenta? DOSTmGiPy Second ASTM EURATOM Sympos um on
Reactor Dosimetry, Palo Alto (?97 )

Ii""

R. L. Fieischer, "Fission Tracks are not from Atomwc C0111sxons", Rad

 Effects 28, 113 (1976).

R. L. Fleischer, H. R. Hart, and W. R. Giard, "Particle Tréck Identifi-
cation: App}1catwon of a New Tec%anue to Apo]lo Helmet", Science'lzgﬁ
1189 (197F ,

F. H. Ruddy,;H. B. Knowles, and G.'E, Tripar’ds "Etch Inductian Time in
Cellulose Nitrate Track Detectors", Phys. Rev. Letters 37, 826 (1976).

R. R. Heinrich, L. R. Greenwood, G. R. Odette, Harry Farrar 1V,
R. Dierckx and R. Gold, "Dosimetry Needs for Magnetic Fission Materials
Programs", Secﬂnd ASTx~EURATO” Symposium on Reactor Dos1m@try Palo Alto

.(1977)

Wl



