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INTROTUCTION

Heutron rediography has been used in induetrial nordestrustive
teating for peveral yaaral, though few invaatigatorsa'ﬁ have studled
ite potantial for hicloglsal epplications, The gentrasts in neutron
rediographs of biloleglcal specimens, however, sre auffiglently
different from those in roentgenographe =o that supplementary informa-
tion can be obtsined,

Heutran redlography, at present, can mogt easgily be performed
in ths low energy ragion where both a suffislently intenee neutron
Bource gnd an effiolent neutron visuwallzation eyetem sre svallable,
The dilsaussion that followe will center about the epeelal problems
of low snergy neutron radicgraphy Iin tissue and review the physical
prinoiples involved. The sgpecimens that have been radicgraphed and
dieplayed have been shogen to illustrate the genersl properties of
neutron images 1in timpsue, The problems of high energy neutron
rediography wlll be disoussed in antilelipatlon of the development

of en efflelent visuplizatlon syetem,.
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PHYSEICS CF LOW ENERGY NEUTRON RADIOGRAPHY IN TISSUE

Eenstration, Both photon and neutron rediogrephic Iimageas are

the result of local variaticns in the attenumstion of the impinging
partiele intensity within the medin, These varietione are governed
golely by the linesr atfenuatlion coefflcients of the materlals within
the medla and by the thlokneees of the contrzeted media,

The average attenuation in tissue of photons 1a compared to
that of neutrone as a2 funetion of particle egnergy in Filgure 1, The
gomponents of the "satandard man"5 have been homogenlzed end normsllzed
with & whols body density of 1.0 gram/om3 to oaleulste the 1linearp
attenustion ocefficlents, Wy and Wy. Below 10 eV, Barton!'s3 "bound
atom" ealoulated values are used to normalize the neubron vaplation,
These date show that low enmergy neutron rediography wlll probebly be
reatricted fo thin tissues (<2.5 om). Radiogrephy of much greater
tigaue thicknezees will almost certainly require the grester penetra-

$ien that cah be obtailned in the fzet neutron reglon.

gontrast. Low energy neutron radlcgraphs of bloleglesl tissue
have aontrast principally because the denslty of hydrogen differs in
verious partes of the sample. The intsractlon probebllity of & neutron
with s hpdrogen nueleus 18 much larger then with other nuclel, and,
furtharmere, ths hydrogen density 1s large, On the other hand, in
roentgenography the heavier slemente attenuate the photons much more
than does hydrogen.

Flgure 2 comparee the photographlc denelflep of mumole, fat,
glr, nd bone in radisgrephs of a l-cwm=-thick sample of round steak
produced with thermsl neutrons and 15 KEVFP X-rvaye. The hydrogen-rlich

fat in the sample mttenustes the neubtron beéeam the moet and the X-raye
R/23/68 - -2 -
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the least, On the cther hand, bone cortex, which is rich in csloium
but low in hydrogen, attenuetes nedtrons the leapt but X-rays the
moRt, One immediate conclusicn 1s that socft tiseue contraste in
neutron redlographe wlll be relatively free of the bone interferesnoce
that i= sc common to reentgenographe.

To choose agents for uge in artiflelally enhanolng contrasts
in neutron rediogrephs, the attenuation coeffledents of the varioue
elemente should be known., ¥WFigure 3 comparee the llnesr attenuatlon
coefficlent of "standard man® Slesue wilth those of the elements and

light and heavy waterT’B

8t thermal energy, G.02% &¥. FRigure 4 glves
gimllar dats for the moat resdlly recorded eplthermal neutron energy,
1.4 eV (the peak of the largest indium resonance).

For the purpoees of thie report, the terma linesar etitenuation
coefficlent and orogs megtion {in units of am"l} may be uaed inter-
ghangeably, The term abgorpilon coefflclent, sp generally defined,
exoludes beam attenuation due to scattering, but is uped commonly,

The cross sections in Flgures 3 end 4 are for the natural form
of thess elements, The data ocan be used t¢ eabtimate the contrasts
attpineble with neutron beams of theee energieag. In prinelple,
similar calculations could be made for roentgenographs, but un-
certeinty in the X-pray spegtrum makes such 3 paleulatlon difficult,

To induce maximum negative contrests artifieielly, the normsl
tispue medium wust be dlaplaced with a substance of an effectively
zero atbenuation soeffliolent, From Pigures 2 and 4 1t 1s obvious
that any zes oan be used to epproximate this condition, Another
relatively biologlcally safe contraest agent is DaO (hesvy water),

which, like the gesem, i1s effeotively fransperent to neutrons,
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To induce positive contrast ertifieially, strong neutron ab-
Borbers Are introduced intc the tissue medium., For thermal neutron
radlegraphy, boron, ocadmium, gamarium, europlum, and gadolinium are
the best substances 1if meximum contrazet is the cnly criterion
(Pigure 2). Meny individual isotopes of varlous elements have much
higher eross sectionse, e.g., 15734 has an aheorption cromes seelflon
of 7,320 am=l in the metallic form, An organlic substance dilubely
tagged with 15T aq might meke & relatively nontoxic posltive contraet
agent, A&t the 1.% oV of the indium resonance, indlum, noet sur-
prisingly, has the highest c¢roas seefion,

In neutron radiography, good negetive sontrast 1s often easler
to realize than positive contrast, 8 condition not generally ex-
perienced 1n reoentgenogrephy. Posltive contraet agente are ususlly
infected into a sample in B dilute mixture with some liguid earrler,
Thus, the resulting eontrast sgent hae zimuch amgller cross gectlon
thaen that of the pure element, On the other hand, the negative
aontrast from dieplascing acft tisesue 18 proporticnal fo the rels-
tively high croes eectlon of the tiesue alcne. Therefore, for low
energy neutron radlography the poesible positive contrast [d {pgent) -
M (tismue)! i often leps than the poesible negative contrast
[h {t1ssue))], where W is the symbol for e¢rose sections [cm"l}. In
roentgenography, thie effect 1e uwsually reversed because the oross

"geotlion for conventional X-reys in tissue 1s much lower,

Soatter. In tliesue, 2pproximately gU% of all thermal neutron
interactione ere elastle seattering from hydrogen. Silnee the
scattered heubtrons are randomly oriented, they obsasure Imege deteil

with & dense baokground fog., Thie baokground fog can be handled
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in the same manner in whilch the effect of scattered X-rays l1e
minimized - by an antiscatter grild, The grid can be oonatructed
by stacking alternate planes of neutren opeque and neutron trans-
lucent meterlsl chosen for the particular neutron energy under

aﬂnsideratinn5!9.
EXFERIMENTAL PROCELDURES

Resctor Neubron Scurce., The Standard Plle (SP) reactori® at
the Bavannah Rlver Leboratory (SRL) was the neutron sourae for sll
the neutron radicgrapha ef thie report and 1s shown schematioplly
in Figure 5, The graphite in the core serves to lntroduce neubrons
into the 3-inch-dismeter flfght tube In the graphite "thermal
eolumn", which defines the beam,

For these not femiliasr with reastors, & general deszeription
of reagtor neufroﬁ.heamﬂ 18 Included to Taollitate an understanding
of the terminology. & typleal extracted neutron spectrum may he
aonvenlantly divided into three adjoining energy reglons, thermal,
epithermai, and fapt, as 1s shown in Figure 1, The faat and epl-
thermal regions ineluds the filssion born neutrons (apprnximataly
2 Mev) and & broad sontinuocus spectrum of partislly mederated
neutrong down to about 0.5 €V, Below C.5 eV, the thermal spsetrum
is upually strongly pesked and 1s similar fo that of a ges in
kinetia equilibriumll. This dlstribution has g peak at about
0,025 eV for room temperature mederators sueh as the grephite of
the 3F,

The relative megnitude of the thermel and the eplthermal
portiong of the neutron sppectrum varies between different reactor

facillifties. The images from the two portions of the beam ocan be
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effectlvely meparsted by I'iltration or by seleetive imaging
techniques {discussed later), 1In this paper, the term thermal
radlogrephy will imply the nearly exolusive detection of the
Mexwelllan portion of the neutron speatrum (whether due o
eelective imeging or fo & weak eplthermal gontent), The term
eplthermal rediography will imply the nearly exclusive deteotion
of neutrone of energy greater than 0.5 eV {(usually due to
filtration),

A part of the dose measuremente, the flux from the reactor
weE meazured with stendard foll techniquEElg. At the sample
position, the thermal neutron flux wes about 31x 10° n/(em2){ see}
when the reactor was operasted st 1te maximum power of 8 kW, The
total flux over the entire epithermal spectrum wes approximately
the same. The flux in the energy band from 0.8 to 2.0 &V was
about 4 x 10%n/{om?){sec). This band ts of particular interest
irn that within 1% lies the very large indium resonance whioch is

& prinelple eplthermal neutron detector.

Antlscatter Oride., Alsc shown in Flgure 5 are the positions

of the sample and the entlacatter grid, The tharmal antiscatten
grid was ssaemblied by stecking alternate 6 x 1/8-inch etrips of
0.008-tneh-thick aluminum and 0,005~-inch-thick cadmium, The gria
ratlo was 16:1 with 77 opaque lines per inch. Aluminum ie esaen-
tially radiclucent to low energy neutrons (Pigures 3 and 4}, and
thue serves &8 & window for the primary beam neutrons, An epoxy
glue held the laminated secticns together,
Double gride at 90° oppesition were used initlally, but

eventuglly only one grld was upsd becauame the slight pein in
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scattered neutron removal wilth deouble gride was obtalned only
with & econeidersble loss of line definltlcon due to an aoceniuation
of the penumbra effegt. Penumbra wes & aerlous problem begause

of the reactor's relatively large effective fooal &pot {dlscussed
later).

The grld frame wae deeighed fo f1¢ Iinto the oeclllater
assembly shown in Figure £. Low frequency motors and cardiod
came were uged to 1mpart /8 ineh of linear motlon to the grid
in a plane normal to the grld planes end te the beam. The grid
line pettern wams therefores blurred and cannoet be seen in most of
the thermal neutron redicgrephs.

The antlesoatter grid and drive meshaniem that wap used fop
the eplthermal neutron radiographs was of an earller design, The
grid wae assembled by steokdng alternate & x 1/2-inch stripe of
0,032-Inch-thick aluminum and 0,005-1neh-thick indlum, The grld
ratio was again 16:1, but with only 27 copaque lines per inech,
Moreover, when these rediographs were taken, offset éiraul&r camsa
were uged fTo ilmpert motion to the grid., The repulting sinusoidal
motlon allowed grid lines to be falntly dlscernible In the epl-
thermel radiographe, The cadmium-zaluminum thermal grid used for

Flgure 12 wes also of thie sarly design.

Imege Visuplizatlon, Low energy neutrons are pocrly zbeorbed
in normal photogrephlc emulslcone; thue, 1n analegy to roentgen-
ography, neutron imaging utilizes converter sereens in gonjunotlon
wilth photographic emuleionsl, However, unlike rcentgenogrephy, it
18 not alwaye neceppary to have the X-ray film in contaot with the

converter sgreen durlng the nevtron ilrradlation, All of the
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neutron radiographs in this report were made by Indusing radle-
soeblvity on & thin metalilec feil that was placed hehind the samples,
Thege neutrons whioh were unattenusted Iin the =ample produced e
radicaative "tmage" on the foll that subsequently ylelded electrons
by B decay and internsl oonverelon, The actlivated folls were
removed from the 1lrredistlon slte, and the lmages on them were
recordad on film by stendard autoradlographle technigues, The
trensfer technique 1a widely used since almost all neutron beams
gre oonteminated, to some extent, wlth vy=-rays that can cause
interfering images. Eerger has lleted several of the more common
tranafer sonverter goreens and thelr physleal prﬂpertieal.

The deteator foll uged In thermal trenefere is ususlly made
Trom an aetlvating materlial with 2 high crocse sectbion and a short
helf=1ife, For example, dysproslum, which wee used for the thermal
transfers of this report, has an sotivatlion orosa gectlon of 34,9
em~1 end 8 helf-1ife of 2,3 houre, The detector foll materials
for eplithermal trenefers weually have high actlvation resonance
peeke in the epilthermal orose section, Indlum, which wee used
for the reported epithermal transfere, has & very large resonance
peak at about 1.% eV, and, moreover, the azobivated nuglel have s
sonveniently short half-life of about BY minutes. A pheet of
0.032-inch-thick cadmiuwm foll was placed in front of the indlum
foill to prevent thermal neufrons from sctivating the indium, The
padmium fol1l caused neo undue loas of eplthermal activations heoause
of 1te low ¢rcaa aection in the eplithermal reglon.

In the transfer technique, Kodak Non-Bereen Medloal X-ray
(N354T) T1lm was placed in c¢ontect with the activated foll in =

1ight-tight aassette for the estimated required fllm exposure.
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The procedure was repeated wilth new f1lm for an adjuated pericd

in case the firet f1lm was incoyrectly exposed,

Speoimen Preparetlon., 4 lins definitdion test phentom was

made from a lusite wedge, 1-7/16 inches in 1ts thlckest portion,
and was® conptructed o that two negative contrast sgente, air
and heavy water, and twe positive contrest agente, indlum end
gadolinlum, could be tested, These agents were imbedded in the
luclite in parallel strips 1/16 inch high to form 1line pair
phantems of 32, 16, and 8 l1ine pairs to the inch,

Laboratory white rats weighing between 300 mnd 400 grems
were uesed for mosat of the tipsue epecimens. Arterlicgraphy
speaimens were prepared by injecting the contrast medis (gadolinium
oxlde or lndium cxlde suppended in oll) directly Lnto the sorta, .
The injection was through a polyethylene catheter {FE 205) inserted
by open laporatomy., The animale were smoprlfised Immedistely after
the Injectlon., Alr and gadolinlum oxlde contrast media wepe also
introduced in a ventrioulogrephy specimen by oyeternal punoture,
Direct ventricular and lumbar punctures were unsuccessful,

Neufron radlographs of fumor spesimens {liposarcoms, breast
adencearalnoma, and uterine lelomyoma) were talken prior to fix-
ation, Control roentgenographs, mede in the same plane asg the
neutron radlogrephs, were obtained subsequently. 4ll the tumor

specimens were approximetely 0.3 x 1.0 x 1.0 cm.

Doglmetry, The surfasce X-ray dose delivered to the various
samples wes measursd with multiple roentgencgraphic teahniquele{
Comparable neutron dosea were estimated from = single foll actliva-

tion meamurementl® that wae made by plzelng folle on the beam
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gice of the lusclte wedge. The thermmel neubron purface dose wWas
about 1% millirads per kilewatt-minute of 3P vesctor power, The
eplthermel surface dose in the wiginlty of the indium rescrnance
(0.5 = 2.0 V) was about 2 millirads per kilowatt-minute of 8P
reactor power; however, thies doee not inelude the mueh larger
surface dose from the epithermal neutron spectrum sbove 2 V.

Te minlmize the uhdetected dose from these higher energy neutrons,
energy Tiltreticn guch ae can be obtained with oryetal spactrometarsllL
Wwlll be necessary. The gzoma surfzoe dose way found to be rather
high in our particular reactor, about 71 millirsds per killowabt-
minute.

The epitheymal and gamme fluxes from the reactor can be
greatly diminished, with relatively emaller losees of thermal
neutrone, by Inserting bismuth snd graphite seotione into the
end of ths re-enftry tube that 1s nearest the resotor core. However,
since surfaae dose was not of primary concern during these experi-

mente, the beanm from the core wss left unaltered., The estlmated

surface dose of esch exposure 1s listed in Teble I,

COMPARISON RADIOGRAPHS
Companion neutron radilographs and roentgenographe are ghown
for comperison for every apecimen, The neutron rediographe wepe
gll made In the ptandard geomefry of Flgure B, The radicgraphio
prints in thie report have had the very wide range of densitles
aveilable in the origlnal radlogravhs compressed by "logetronio'®
technigues, 'This technique was uged to preserve ag much of the

avalipble Information on the origlinal f1lma as poessible, The

¢ LogEtronic Incorporated, 7001 Loilsdale Rd,, Springfleld, Va, 22180,
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experimental conditlong of the radlographs shown 1n Flgures 7-12
are summarlzed in Table I, Pertinent observatlions from theme
figuree are detalled In the attached legends. In gensral, they

mey be gummarlzed as follows!

1, Poaitive interferense from overlaying bone was mirmimized’ in
the neutron studles.

2, Negative contraet egents, alr gnd heavy water, produced
plenlficantly better contrapt with low energy neutrons than
with eonventional X-rey technlques,

3. Tosltive ocontrast ageshte, gedeliinium and indium, were visual-
1zed betfer with conventlional X-raye thah with low shergy
neutrons 1n the tlssue etudies except where bone interfered.

4, Popitive contrast cheracterietice ecculd be changed markedly
with & small change of neutron energy In the low energy
reglon,

BE. The goft tlssue contraats seen 1n the tumor radiographns were
greater when studled wlth neutronas.

6. The maximum tlesue penetratlion from low energy neutrons for
effective rediographe wae about 2.5 am,

T. The large dimension of_the neutron emitting surfece within the
reactor introduned a penumbra problem that oompromlsed éefinl-

tion.

DISCUSSION
The elimination of the interfering bone shadows follows
simply from the relatively low hydrogen content of osseocus structures.
The improved vipusllzatlon of air, however, is fortuitous. The

4ir contraste with neutron gnd photon beams whieh have the same
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meen free pathe in tisave should he identicel. The mean free path
of conventlconal X-raye ie, however, sonsldersbly longer than that
of Iow energy neutrons, The visguallzetion of heavy water, on the
other hand, le 8 valld observation, Becesuse of the low toxlolty
of heevy watey, thie visunlization may have importent in vive
applisations,

The ecause for the greater contrast Eeen in the neutron radio-
graph of the tumor specimena remeinm ohscure. & poaslble explans-
tlon may be in Frigeriols obaservetion that many tumors have higher
hydrogen content than normal tlesuesi>,

Neutron imaging technigues should at lemst he capable of
definltion comparsble to that of econventlonal rnentgen Lechnlgues
uelng Intensifying secreene. However, all of the neutron radlo-
graphs of thls report suffer from the penumbres aonatraint inherent
in using a lsrge source dimension {focal spot)., Three oommon
methoda of reduoing this penumbra sere to lneoremse the distance
hetwean the sourae zhd aample, or to use & Adlverging eollimator
with a small scurce dimenslon {polnt source), or to use a serles
of parallel emell dismeter cocllimators. The relatively low source
denglty at the emltting surface within the SF reactor precluded
the uge af any of ftheee methoda because the exposure timee beesme

prenibleively long.

FAST NEUTRON RADICGRAPHY
The date of PFlgure 1 ehow thet fmet neutrons will be necessary
te penetrate most parts of the human body, Mediczal radicgraphy
gemande both minimel patient expoeure toc radiaticn and relatively

short exposure times; thus, both efflolent Image visuallzation

5/23/68 ~ 12 -
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aystems and intense fapt neutron sources are necessary. Efforts
to develop effictent visuallzation systeme snd antiscatiter teeh-
niques are ourrently underwsy. Sufficlently intense sources of
fapt neutrons are now available. BSmall acceleratore {Neutron
Generators) can provide an intensity of 1014 n/sec. The smame
intenslity could be obtained with 42 milligrsms of 2520f, and
eruld bé concentrated to spproximate = point source. Costs are
expected to be competitive when this isotope becomer more readily
avallablel®,17,

The general character of the image that may be obtelned with
the spontaneous flssion neutrona from a 252¢f source (zverage
neutron energy 2,3 MeV) can be predicted from the deta in Flgures
1 and 13. BSuch a radiograph should be similar to 2 63 KeVy
roentgenograph sxcept that bone tiszsue will be relatively radioe-
lugent. As with low energy neutron redicgrephy, hydrogen dominates
the contrest (BBE of the neutron attenuation in "standard man" is
due to elsstlic scattering from hydrogen at 2,3 MeV), To the
extent thet certain tumers and organs contain more hydrogen than
others, 1t may be antlelpated that their contrset as compared to
lung tlssue In chest radicgraphs will be enhanced, Figure 13
elsc showe that gasesus oohtraet agente will be far more affective

then poaltive sontrast agents,

SUMMARY
Neutron radlieographilc techﬁiquea were phtudled to determine
their applicahility to the visualizatlon of bilologlcal etructures,
The baslec phyelcel pringlples were reviewed, Roentgenographs and

low energy neutron radiogrephe of various biologleal speoimens

5/23/68 - 13 -



DP~NE-£8=2

were compared, and a totally different epeatrum of shadowe was
obgerved, Bone was found to be radlolucent when using neutrons,
Fat and mugecle could not he differentiated in neutron radiographs
but the fat-gir pontragts were enhanced, Hesvy water and pazeous
compounds were found fto be most Promleing smong the naw group of
sontrast agents thet waa Epproprizte to neutron radliography.
Preliminary doesimetry suggests that batient dose will nmot rank
ag the prinoiple factor determining applicability,

If fast neutron vieuvaliszation eystems cen be perfected and
1f 25201 becomes avatlable st a reasonable cosb, neutron radiography
may have real applicasbillity to medioal diagnostios. It will be
partioularly valuable where alr muet be visuallized in the presenze

of bone end soft tiasue.
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FIG. ) Linear Attenuation Coefficients of Neutrons and
Phatans 1n Standard Man Tissue (Density = 1.0 g/em?)

The low ensrgy and fast neutron source ranges and
correspondlng attenuation scefflelent=s are shown,
These are compare? Lo pheofton attenuation cosffi-
glenta. Note that the conventiconal X-ray penetretion
ean be dupllicated aonly with fasft neutrons. Low
energy neutron radlopgraphy must be regtricted to

thin specimens.



Comparisan of Thermal Neutvon Radiograph {right}
and 1% KVP Roentgencgraph of a Round 5teak Speci-
men {1 cm thick)

The elastlc scatiering of neutrons from the hydrogen
nueleus is primarlly responzlble for the attenuation
of neutrons in tlssus, whereas the abscrption and
geatterlng of H-rays 1n heavier slements domilnats

the photon attenuatlen. Thus, whlle hydrogen rich
fat yields maxdimum neutron attenuatlon, mindimum
photon attenuatlon 1s obseprved., Tha pesverss ocoubrs
in hydrogen deficlent bone., The fat-air eontrast

is superdior 1n the neutron radicgraph but the musele-
fat contrast 1s superlor in the roentgenograph.
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Frominent positive confrast agents are boron,
cadmium, gadolinlum, ete.; prominent negative con-
trast agents are Dz0 (heavy water), air, noble geses,

calecium, bardum, eic.
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FIG. 4  Indfum Resonance [1.45 a¥) Lingar Attenuation

Coefficients of Natural Elements (and Light and
Heavy Water} vs Standard Man T{ssue

Fromlnent positlve contrast agents are boron and
indium; prominent negatlve contrast agents are Ivg-18)
{heavy water), alr, noble gases, etc,
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FIG. & The Antiscatter Grid and Oscillator
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Comparfson Radicgraphs of the Chest of a Dead Rat

4. High definitlon, low KV roentgencgraph.

E. Neutron radlograph (0.025 V). The neutron
radlograph demonetrafes enhancement of the contrast
hetwaen the rlr and soft tissuss. Note alse that
the shadows of the cverlying bone have dilsappeared.
Alr in the pulmonary arteries () s well ap
within the hepatie velin {4} and vena cava [—= can
be visuzlized. The relatlve unsharpness 1ls due to
a8 corrsctable penumbra problem,



FIG.

Tumor Specimen Radiography

Laft c¢olumn, mammary adenocarcinoma. Mldéle
eolumn, liposarcoma. Right columnh, uterilne
lelomyomsa, The thermal neutron radiographs
{top row) are compired to the high definition,

" low KVF roentgesnographe. The patterns deplcted

by the radlographs are not fully undsrstood.



FIG.

In,0,

Gd 0,

Air

0,0

Tissue Substitute Test Wedge

Two posltive contrast agents (8dp03 and InzQ3)
and two negative contrast agents (alr and heavy
water) are displayed as lfl% ineh line pair
phantoms (B, 16, and 32 L.P./L.) in & lucite test
wedge. A. Thermal neutron radlograph (0.025 e¥),
B. Epithermal neutron radiograph (primarily

1.4 e¥). C. Conventlonal nohnacreen roentgeno-
graph. D. PFPhotograph of lucite test wedge. Note
the improved ccntrast of the alr shadows and the
visuglizgatlon of heavy water when neutronz are
uzed. Note 2lso the proncunced differsnce In the
gentrast offered by gecollinlum snd Indiuwm at the
tEwo neutron energies.



FIG 1C

A, 8.

Neutron Arteriography

&, Thermal neutren radicgreph of a rat paw and

tail. B, Conventlonal nonecreen reentgenggraph.
Gdp03 in oll wae the conftrast agent. The superlor
definition on the roentgenograph 1 compenssted for
by the completes abesnce of any beone shadow inter-
ference in the neutron radlegraph. Note that

severgl arferies are visugllzed gn the neutron
radlograph that are not dlecernlible on the rcoentgeno-
graph {(arrows).



FIG.

11

Cerebral Neutron Arleriography

4. Eplthermal nsutron radlograph {(primarlly

i.4 ev}). B. Conventional nonscreen rosntgeno-
graph. Although the eplthermal bteam was too weal
to demonstrate the Inplsy contrast agent lntra-
craniglly, the negstlve contrast areas are well
geen, The excellent vizuallgation of the naao-
rharynz wilth neutrons ie due %o lmproved slr
contrast and the absence of interfering czscoue
ghadows.



FIG.

12

Neutron Ventriculography

A. Thermal neutron radicgraph. B. Conventicnal
nonscreen roentgenograph. Both alr and @do03 were
intreduced by cysternsi puncture. In the neutron
radiograph, note the auperior wvilsusllszsatlon of the
alr in the ventrlcele (4), trachea (X}, and gpinal
ecangl (). The low transmiseion through the
eranial vault (box) iz thought toc ke respensible
for ths poor confrest offered by the Gdz07 {f) on
the neutron radlograph.
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Note that prominent peosltlve contrast mpgents do
not exist. Negatlve dlsplacement contrast with
gases shouldd approximate the air-tlissue confraste
abtained with 63 KV X-rays.





