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ABSTRACT

An analyt ical  procedure has b.an d.v.lop.d for determining th.
f luorine content of fluo rochemica .l—treat sd fabrics  by activation with fast
neutrons, us ing Teflon f ilm as the reference standard . The ultimate pucces.
of the technique depends on effective retention of the active recoil 4~’T...
nuclei produc.d in the ~ n,2n) ’~~ 4reaction , which is accomplished by sealing
all samples individually in Mylar film. It is demonatratad that recoil protons
produced 1n .the fabric substrate by the incident neutrons create a measurable
a~~unt of ~—~ ,1n the basic un f inished fabric through theJ~~(p,n) ’~~. reaction.The production of such excess 1.1F.~tsnds to c9mpensate for systematic deficiencies
encountered in the measure~~ nt of the total ~r~~~act ivity of th. finished fabric.
It is shown tha t non—uniform activation of the irradiated samples due to the
f a l l - o f f  in neutron f lux  near the target could be overcome by use of a rotating
and reciprocating sample holder .,,~~

RE StYYI!

Un procéd~ ana lvt ique  a ~té d~ .clopp~ pour determiner, au ~~yen
d ’activation avec des neutrons rapides , is tensur en f luo r des tissu s tr ait~.avec des tints f iuoro -ch imiqua s , faisant usage d ’une pellicule di Teflon co~~~l ’ t~talon de r~ f~ rence. La succü f ina l de le technique dkpend di is r~tention
elficace die noysux ‘‘F radio—acUte de recul , produits dens la r~~ction‘‘F(n ,~ n) 1’F, qu’on atteint en ecellant tous lee ~chantillons individuellement
dane une pellicule de Mylar. On d~~~ ntre  que lee protons di recul , qui sont
produits dens ii aubstr a t du tissu par lee neutrons tn iident s , cr~ent uns
quanti té  di ~‘F me surab le dane is tissu de ba. non-apprit~ par suite di la
reaction ‘‘O(p,n)’’F. La production d’un tel excès de 1 F tend ~ comp.nser
lie insuffisances systimatique s qui se produisint dan. 1. dCtermination di
I a ctiv itC total, di “F du tissu sppt~ tC. On desontre que 1~activation non-
uniform. die kchantillons irradié., par suite di l’sbai.sement du flux niutroni-
que pra s di is cible , pourrait itre •ur~~fltöi par l’eaploi d’une .ontre
d’&chantillon I mouve~~nt di rotation et di va-et—vient.
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1. INTRODUCTION

C.rtain fluorocarbon compound s are used extensively as protective
finishes for  textiles in order to impart both o i l— and water—repellen t pro-
perties or to augment the overall effectiveness of conventional and less ex-
pensive hyd rocarbon—base d wate r repellents.  A typical method of applying
these finishes involves wetting the fabric with a solution of a fluo r ine —
containing polymer in an organic solvent , or with a dispersion of the polyme r
in water, and then drying unde r controlled conditions so that the constituent
fib res of the fabric become coated with a coherent film of the fluoropolymer.

Methods of measuring the fluorine content of such coated fabrics
are of interes t in order to ascertain whether manufacturing specifications
have been adhered to, as well  as to determine the durability of the finish
unde r conditions of wear or after laundering . Chemical method. of fluorine
analysis, as applied to coated fabrics , are generally hampered by the extreme
resistance of ~~st fluoropolymer s to complete decomposition . In addition ,
such methods of analysis are destructive of the fabric and so do not pe rmi t
continuing tests of the same sample to be carried out. Neutron activation
analysis , however , is a non-destructive technique which can be adapted to
analysis of th. fluorine content of a fabric sample , and procedures employing
this method of analysis have been developed at DREO.

The analytical procedure s described in this report were developed
using samples of a vat-dyed (colour OG 107) nylon/cotton twist fabric which
had been treated with various commercially available fluorochemical finishes ;
this is a plain weave fabric with yarns consisting of an intimate blend of
equal proportions of nylon and cotton , with a weight of 170 g/m (5 or/yd .2).
The a~~ unt of any fluorochemical app lied was generally such that the fluorine
content of the resulting fini sh was less than IX by weight of the fabric.

2 .  GE N ERAL CONSIDERATI ONS

2.1 Choi ce  of  Primary Reaction

Fluorine can be readily ac t iva ted  by neutron , charged—particle , or
y—ray bombardment , and a number of reactions can occur (1). With fast ( 14—14eV)
neutrons three different nuclear reac t ions are possible , whereas thermal or
slow neutrons produce only a single reaction product. In all cases the nuclei
which are produced are radioactive 1 with characteristic half—lives, and emit
distinctive v-rays by means of  which a particular nucleus may be identified .
The possible reactions by which fluorine may be activated are listed in Table I,
the first three reactions being due to fa•t neutrons, while the four th is unique
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to thermal neutrons~

tA BLE I

Reaction

~ rave. emitted Q of reaction, threshold
Reaction 14eV Half-life 14eV 14eV

i) 1’F(n ,~~)
1’N ~.l3 , 7.12 7.4 s -1.524 1.61

ii) 1’F(n ,2n)’’ F “ annihilation 109.9 mm —10.431 10.99
radiation, 0.511

iii)1’F(n,p)8’0 0.2 2Q s —4.036 4.25

iv) 1’F(n ,~ )
20F 1.v1 11 a

All of the above primary neutron reactions have been used under various
circumstances for the determination of fluorine (2—8). In the present applica-
tion however, using only fast neutrons from a neutron generator, it was desired
to avoid the complexity of a fast—transfer shuttle system such as would be re-
quired to transport the short—lived activated sample if either reactions i)
or iii) had been chosen. In addition , the fact that the fluorine in this in-
stance was intimately bonded to a fabrtc , which would also be activated , made
it desirable to choose a fluorine reaction which would not be subject to inter— V

ference by reactions produced in the }1,C ,N or 0 of the fabric. Possible fast—
neutron-induced primary reactions resulting in activation of these elements
are indicated in Table II.

TABLE II

Reaction
‘, rays emitted , Q of reaction, threshold ,

Element Reaction 14eV Half-life 14eV 14eV

Hydrogen None

Carbon None

Nitrogen ‘‘N (n,2n)~~ N f~ annihilation 9.96 mm —10.553 11.32
radiation 0.511

Oxygen ‘‘O(n ,p)16N 6.13, 7.12 7.4 5 —9. 639 10.25

Thus, even if a fast—shuttle system were acceptable , the fact that oxygen
yields the same activation product as does reaction i) of fluorine would rule
out consideration of this particular reaction unless a differential technique
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involving additional activation with lower—energy neutrons were to be employed
(3).

Reaction ii) in Table I was therefore the only reaction which could be
considered suitable for th. determination of fluorine in the present applica-
tion. The half— life of 1 F is sufficiently long that interference by the
other t~ F activation products, L~~$ and ~‘O, would not be a factor of concern,
and interference by the 10—minute activity produced from the ‘1’N in the nylon
component of the fabric could be avoided by waiting for the product isotope

to decay umtil its contribution to the measured activity of the sample
became insignificant. Thus by about 2-2k hours after the end of the neutron
irradiation the only significant activity remaining in the fabric should be
due to 1 F, and a measurement of this activity can then be related to the
fluorine content of the fabric by comparison with the specific activity of a
suitably—chosen fluorine standard which had been irradiated at the same time.

2.2 Potential Interference by Secondary Reac tions

Although the products 01 other primary reactions are thus not expected
to interfere seriously with measurement of the Li p activity, other possible
interferences may be caused by secondary reactions initiated by the y rays ,
charged particles, or neutrons produced by the various primary neutrnn—induced
reactions di•cussed above (9, 10). In addition , especially energetic recoil
protons can be generated in a hydrogen-containing organic material, such as
the irrad iated fabric , by scattering collisions of the primary neutrons with
hydrogen atoms . Such knock-on protons could produce additional ~‘N activity
through ‘‘ C(p,n)~~N , ‘2 C(p,y)1’N and 16O(p,cz)~~’N reactions in the fabric ,
and could introduce further interference in the form of a 20-minute positron
activity due to ~~C through the reaction 

1 ’ N ( p , i)11 C. More importan t in the
present application , however , is the potential produc t ion of additiona l 1 F
by such secondary reactions , initiated either by the recoil protons or by the
~ particles produced in the I~~~(fl ,~~) hi ~ primary reaction . Possible secondary
reactions which could make such a contribution are N (ci,y) 1 F , ~~N(u,n) 2 F,
1’O(p,y)’’F, ‘‘O(p,n) ’’ F, 11F(p,d)1 F and 1’F(p,pn)t F. It should be noted
that the two reactions involving oxygen depend only on processes occuring
in the basic fabric itself and are independ en t of the amount of fluorine
present. Whether the ‘F activity produced by the “F(0120)

1 F primary
reaction in the fluoropolymer coating of the fabrics is significantly aug-
mented by these secondary reactions will determine the practical utility of
this analytical technique . It is to be noted that the two proton-induced
reactions involvinf ~~~ have relatively high threshold. and that the contri-
bution due to the ‘O(p,y)”F reactio n is expected to be negligible (11).
The possible secondary reactions of concern are s~~~ar ized in Table III.
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TABLE I I I

Reaction 
______ Reaction Threshold (14eV)

1.944

~~C(p, n)~~
t N —3 .003 3.24

‘‘O(p,c&)t~ \ —5.218

— 2.920 3.13

4.416

~~N (ci ,n)’’F —6.418 8.13
17 O(p,y )~~~ 5.609
l e O(P fl)Le F —2 .438 2.57

—8.206 8.64
—10.431 10.99

2. 3 Basis of the Analytical Technique

Following the usual techniques which  have been developed for the
determination of other positron emi t t e r s  produced b y ac t ivat ion , measurement
of the amount of ~

1F will depend on detection of the 0.511—14eV St rays which
are  produced as the emitted positrons (maximum energy 0.635 14eV) come to rest
and ann ih i l a te  wi th ordinary electrons in the mate r ia l  surrounding the act i—
vated sample. Since two such oppositely—directed St rays are emitted in each
annihilation process, both of these St rays could be detected in a coincidence
ar rangement involving two scinti l lat ion de tectors , or else only one of the
two quanta could be detected by a single such detec tor.  The coincidence tech-
nique ensures a very low background level , and is also especially useful in
re jec t ing interact ions of ‘

~ rays of other energies which might contribute in
the region of the 0.511-14eV photopeak (as can occur in a NaI (Tt) scintillat Jon
detector wher, some of the pulse. in the Coapton distribution produced by

rays of energy greater than 0.511 MSV cannot otherwise be distinguished
from pul ses in the photopeak produced by the interaction of 0.511—14eV
St rays) . The much lover background level attainable with a coincidence ar-
rangement generally permits a statistically better measurement of an activity
to be made than is possible with a single detector. However a single detector
is usually quite adequate when only a single activity is to be measured and
provided the spectrta is not complex , but massive shielding is usually required
to reduce the background to an acceptable level . Since any interference with
the determination of 1 F can be e f f e c t i v e l y  eliminated by delaying the start
of counting until other positron activities , also produced in the coated fabric
dur ing activation , have decayed , the less complex system of a single scintilla-
tion detector could be employed in this application .
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While short—lived activities will thus not seriously interf ere withth. determination of 1 F, th. presence of activities longer—lived than 1•pcould lead to analytical errors. Such act ivities could arise from unkn ownelements in compound. which had been absorbed from solution, used in the con-ventional text ile finishing processes to which the fabric had been subjectedor which were constitusnts of natural impuri ties in the cotton fibre.. Sinc.th. presence of such long—livid activiti.. could affect the apparent decay—rate of the component which is attributed to t S F. and hence th. measuredactivity at any particular time determination of the actual decay—ra te ofthis component could serve to establish the relative purity of the 1 F a et i- .
vity. A n~~~er of precise measurements of the half—lit ,  of ~~P a r e available ,with which the decay—rate of the chosen fluorine standar d should correspo ndand to which the dec ay—rate of the activate d fabric can be compar ed ; typicalvalue s for the half—life ar e 109.72 ± 0.12 mm (13), and 109.72 — 109 .73 ±0.02 aim (14).

3. ANALYSIS OP FABRIC FINISHES BY NEUTRON ACTIVAT ION

Neutron activation analysis has been adapted at a number of labora-tories to routine analytical measurement of various textile additives or fin-ishes. Thua silicon has been determined (15) by means of the 2 S1(n ,p) 21A.1reaction produced by l4—l’bV neutrons , the silicon content being re lated to theactivity of the 2.31-sin 2 Al through detection of the 1.78—14eV y ray which isemitted. Th. activation method in this case was demonstrated to be superiorto the usual chemical techniqu. of analysis, which was subject to uncontrolledsilicon loss during incinerat ion of the silicon-coated textile samples.

Th. determination of phosphorous in flame —retardan t  textiles (16)has also been carried out by means of activation analysis using 14.4kv neutrons,the analysis being based on the ‘~ P(n ,ci)2 A1 reaction. In this case the productof th. nuclear reaction is th. same as that produced by neutron irradiation ofsilicon , discussed above , and thu . the presence of silicon can introduce seriousinterference . This interf ere nc , can be corre cted for , however , b~ estimatingthe silicon content on th. basis of the activity of the b.6 mm 2 Al producedV in the 2i St (n ,p)2~Al reaction through detection of the 1.28-14ev y r ay. Alumi-num can also introduce a minor interference through the 21Al(n ,y) 2’Al. reaction,but the contribution of this activity to the 1.78—14ev photop.ak is negligibleunles. the alt~ inta/pho.phorous weight ratio exceeds 5:1.

(A number of different activation technique. for the determination of~~~~~~~~~~ fabrics have been reported. Thus the h O-mm t F activity producedin the ~*F(n ,2n) lI F reaction by 14—14ev neutrons has b*sn employed in the analysisof th. fluorine content of Quarpel—treated fabrics (17) . Such fabrics exhibitsuperior water- and oil—repellent  properties which are critically dependent ona fluorine-containing polymeric component of the finish . The ana lysis in tntscase, which va~ based on detectio n of the 0.5l1-llsV annihilation radia tion witha NaI(Il) detec tor , appeared to be l imited to an accuracy of about 5Z. Howeveran i~co~siit.~~y in some of the result, which .er • obtained was apparent .
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Another technique for the determination of fluorine based on the
activitie, produced by reactor neutrons has been applied to analysis of anti—
soil products deposited on fabrics (18) , a typical such product being a per—
fluorohydrocarbon with the trade name Foboil . Two reactions were investigated.
In the case of the l~~~(~~,y) Z O ~~ reaction the high resolution of a Ge(Li) detector
in conjunction wi th  a multi—channel analyzer was required to distinguish the
1.627-14ev ~, ray emitted by the ll— ec 20 F from the 1.780— 14eV y ray of 2 Al.
The latter ~ ray was produced in the material of the pneumatic transp ort
system which was required to deliver the sample from the irradiation position
to the detector.  The 1.635—14eV y ray of 3 Cl , which could be produced by
either the “Cl(n,y)”Cl or the ‘1 K(n,ci)3 C1 reaction, was also a possible
source of interference. This isotope, however ,, has a half—life of 28 mm and
its activity was thus relatively constant during the short time re~uired for
counting the 2 0 F and for determining the background . Use of the 1 F(n,cz)”N
reaction, on the other hand , was considered to present a great advantage over
the 11F(n,1) 2 0 }’ reaction because the produc t isotope emits the most penetrating

~ rays of any isotope, t~.13() and 7.112 MeV , with the result that the apparatus
could be simplified and a NaI(Tt) detector and a single—channel analyzer with
a window covering the range 4.5—8 14eV could be used . For this reaction the
ana1~sis cost was calculated to be about 50 tines less than that entailed wi th
the ~~~~~~~~~~~~ reaction . Unfortunately the ‘‘O(n,p)”N reaction interferes
with the analysis, approximately 300 ag of oxygen producing the same amount
of ac t iv i ty  as 1 ~g of fluorifle . Thus for the case of a cloth made of flax
which is i~ pregn.eted w i t h  an an t i - so i l  produc t , the large oxygen content of
the flax results in about 652 of the ‘~~~ activit~ being due to the oxygen in
the flax. In order to make use of the 1

~~F(n ,cr) N reaction the relative
contribution of the oxygen reaction to the 1 N activity for a particular fabr ic
must first be determined experimentally by using both fluorine reactions to
measure the apparent fluorine content of the treated fabric.

4. INITIAL EXP~ (I)4ENTAL TECHNI~ JE

Activation of the coated fabrics was carried out using 14.9-14eV
neutrons produced by the DREO l5O—keV Cockcroft-Walton neutron generator.
A 5—Ci tritiated—titanium target (on 0 . 2 S4—em ( l O -~ui1) coppe r , 31.75 me
diam., with a 25.4-em (l-inch)-.dlam . active area) was employed and an output
of ~4Ob 0  n/sec wee generally attained .

The fabric sa*ples which were to be analyzed by activation were cut
into 28.6-em ( 1 1/8—inch) diam . circular discs which weighed about 100—110 ~~
each and were 0 23-0.36 em (9-14 mils) thick . Varying numbers of these were
sandwiched directly between two similar discs of 0.051-em (2-mu ) Teflon sheet
which served as reference standards containing a known amount of fluorine
( 16X)  and which were activated at the same time as the fabric and by essentially
the same neutron flux . This sandwich of the materials to be activated was held
rigidly between two disc. of nylon or polystyrene 2.5—3.2 mm (3/32 — 1/8 inch)
thick, which were bolted together. Either holder could be positioned directly
on the water-cooled targe t cap of the neutron generator and was held in position
by a strip of tape. With the nylon holder the plane of the sandwich was located
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about 6.4 mm (t inch) from the target itself , while with the polystyrene
holder it was about 12.7 em (

~ inch) away.

A fier irradiation the fabric and Te~ bon samples were separated ,
placed in individual Mylar &‘nve 1~ p~s for ease of handling, and the activity
of each was determined by means ~~ a 7.6 c~ X 7.6 cm (3” x 3”) integrally—
mounted NaI (T~) scintilistion Jt~’~’~ tor een~ a single—channel analyzer set to
cover the whole  of the 0.5l1—MeV ~~~~~p ( f r o t r  0. 45 to 0.56 14eV). The detector
assembly was mounted  vertical ly in ~~~ ur a Pb shield and the envelope containing
the active sa~., le was placed diru~ tly on the flat end of the housing contain-
ing the crystal and waa covered with a t .4—em (‘~-inch)-thick disc of Lucite
of the same diameter as the cryatal . Th& I.uci r disc served to stop the back-
wardly—d irected positrons s~J t~ permi t them to a’-~nihilate in the near vicinity
of the detector s~ rtac e , t~’creby ~r:~~ncin.g the observed counting rate by about
..o . The three samples were t~~~~~. counted in turn for  periods of 10— 15 minutes
and the decay et  each was generally t~ ~1owed f o r  s~ f f i c t e n t l v  ~. - ng to establish
the pres ence of ~ht cha racter i e~.:c 110-minute h a h f — 1 i 1~ f 1I}. and , in the case
of the tab ric , to confirm that ~t nv shor te r—lived  a c t i v i t y  had disappeared and
that no long-lived act ivi t y ot signif icance was p r e sen t .  The t luor ine  content
of the fabric sample was then determined in the usual manner on the basis of a
comparison c ’ t its act iv it y w i t t ; tha t of average specific activity of the
two Tet ion standards . In gtnrral at least 8.- lu detera~nationa of the fluorine
content were carr~~J out ~~ the ~~F activit y l.•ca ed through two half lives or
more, one dctermitatie ~n b e:g based or each of the fabric counts obtained.

S. PRaD~L~AR1 Rr. SULTS

5.1 Effects ot Rec~ i1 Nuclei

The [it t results , using the above techn i~~e , were inconsistent , as
is apparent fr~n inspection ot the -iata presented in ii gure 1. The points in
this figure represent the -~~~~ -- f f i u c r i n  which was determined in different
numbers of f a b r i c  discs which were a ct i v a t e d  and c~ u~ ted together . Results
are given for two d i ft e rentl v fHi~hed fabrIcs and for cases where two different
sample holders were employed , ~ ne holder ot nylon which was placed directly on
the target cooling cap of the generator and the other of polystyrene, similar
but somewhat less massive , which was held at a distanc e of 6.3 mm (t inch)
sway from the surface of the cooling cap.

For rach d i t f e r e n t  finish , and depending on the particular sample
holder , the amount of fluorine which waa drtormin ed in each analysis increased
rea sonabl y linearly with the number of fabric ~Lisca which had been irradiated
together , as Indicated in Fignrc I b’. the straigh t lines which have been drawn
through the appropr ia te  poin ts .  in no case, however , do any of the straigh t
lines extrapolate through the origin , all havin~ a positive intercept on the
ordinate  axis equ iva len t  to a~ ,’r~ x imate 1y 1 r~ 

1F. This fac t suggests that
more 1 F was consistently i—ring detected than could reasonably be accounted
for on the bash, of the fluorine in the fabric alone . It will also be noted
that , while more ‘‘F was detected in the two f in ishes  when the polystyrene
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holder was employed than was the case with the nylon holder , the t~~ separate
lines which have been drawn for each finished fabric appear to be essentially
parallel . This suggests tha t , depending on the sample holder, the amount of
excess ~~ which was detec ted was about the ume regardless of the number of
samples of a particular finished fabric which was analyzed.

The origin of this apparent excesa tI F was at tributed to recoil
nuclei (19). Thus, because of the kinematics of the 15 F(n,2n)’’F reaction,
sums of th. activated 1 F nuclei in the Teflon standard nearest to the targe t
had s u f f i c i e n t  kinet ic  energy (.~.03 ?4V at 00) to break their chemical bonds
and •scape in the forward direction and become embedded in the fabric , thereby
adding to its activity. This supposition was confirmed by irradia ting one of
the Teflon standards sandwiched between two thin sheet. of polyethylene : sub-
stantial 1 F act i v i t y  was evident on that sheet of polyethylene which inter-
cepted the forward recoils fro m the let ion , but none could b-a de tected on th.
polyethylene nearest the target. Such observations wer e consistent with the
fact  that the kinematic, of the reac tion do not permit ‘ F nuclei to be pro-
j ected into th. backwa rd hemisph ere when th. reaction 1. initiated by l4..9-#~ v
neutrons, the recoil nuclei being confine d to a cone of 47~ 30 half angle in
the forward direction .

The larger amount of ‘‘F which was detected in th. fabric samples in
all those cases where the polystyrene holder had been employed can also be
accounted for on the basi s of the recoil nuclei. With this particular holder
the plan. of the sandwich of the Teflon standards and fabric discs was 6.4

(~ inch) further away from the plane of the target than was the case when the
nylon holder was used . Thus , whi le the neutron flux through the sandwich
would have been slightl y smaller , proportionately fewer neutrons would have
bien incident on the components of the sandwich at large angles (.s.9Ø0), with
the result that the number of recoil nuclei capable of escaping from the front
Teflon standard into the fabric wOuld appear to be enhanced relative to the
total activity produced. The fac t that this enhancemsnt was slightly less for
the comme rcially applied finish than for the finish applied in th, laboratory
could possibly be accounted for by the fact tha t the co~~~rcial formulation
contained a non—fluorinated resin as a binder , and the presence of this binder
could affec t the chemical mechanism by which the recoil nuclei were caught and
retained. Thus, assuming that the amount of excess 1 } which was detected was
th. same for each analysis involving a particular fab r i c and a particular
sample holder, the co~~on slope of the pair of straig h t linss drawn in Figure 1
for each finished fabric should give a measure of the actu.a i fluorine content
of the fabric alone . However , because of the possibility of a similar loss of
recoil nuclei from the fabric finish I tself and also from the Teflon standard
farthest from the targe t , determination of the fluorine content of the fabric
by this technique would appear to be subject to considerable uncertainty.

A number of experiments were carried out in which either polyethylene
or Mylar film, were used to catch the recoils from one of the Teflon standards ,
and it was found that the amount of “F activity retained on these films did
not bear a particularly constant relationsh ip to th. activity induced in the
Teflon. Thus , using the pol ystyrene Rampl. holder, between 1.36% and 1.56%
of the activity of the T.flon was found on the polyethylene film., and from
1.661 to 1.811 on the Mylar. With the nylon holder only 1.09% of the activity
was apparent on the polyethyl ene f i lm.  Sinc e the Tiflon sta ndard . weighed 
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“~ 66 mg, these f i g u r es imp l ied that the equivalent of 0.55 mg to about 1 eg of
fluorine could be transferred to such catche r toils by means of recoils.
Since the fabric discs which were to h~ analyzed were each expected to con-
tain les, than 2 mg of fluorine , it is apparent , for the arrangement which
has been described , that ‘‘ F recoils f rom the front  Teflon standard would
cont r ibu te  a substant ia l  erro r to any individua l determi nation of the fluo-
r ine content of a fabric sample , as is very evident in the results plotted in
Figure 1. While the amount of recoil activity retained by either polyethylene
or Mylar appeared to be variable , it was found , as already indicated , t hat
the activity retained by a particular finished fabric under similar conditions
seemed to be relatively constant , considering the potent ia l  for  uncer ta in ty
in the de t erm ina t ion  of the total flucrina content of the fabric. Again, it
can ottl he suggested tha t the dli terent nature ot the chemical structures of
pol yethylene , Mylar and the coated fabr ic  a f f e c t s  the manne r in which the re-
coil fluorine nuclei are caught and retained.

In other experiments with the catcher foils it was determined that
the recoil ~‘F nuclei were stopped by a 0.0l2—n~ (0.5—mu ) polyethylene film ,
since no .tctivity could be detected on a second such film placed ismedia tsly
behind the first . Thus i t  appeared tha t the recoi l s  f rom the Teflon standard s
could be effec tively contained if tbes* standards were each sealed in 0.5-m u
polyethylene fil m. On the assumption that recoil le F nuclei would similarly
be emitted in th e  forward direction t rom the Iluoropo l ymer coating of a coated
fabric , all o~ the fabric discs which we r e t&~ be irradiated at one time were
also collectively sealed in polyethylene . Since the recoil nuclei produced
in a thin ii ’~n can onl y escape t ron a ~-.urface La- ;er ~~ich is thinner than the
range o f  these nuclei in that film , the proportionate loss of 1

~ F activity
from the thin fluo ropol vt-cr coating of tht~ fabric could be expected to be muchF greater than ~r L m  the 2-nil-thick Te~~on standards, Thus ret ent~ on of the
recoils f rom ‘~~c coated fabrics was deemed to be especially important.

s.~ Effecti of Diffusion of Ac tive Nuclei

Irradiation of the Teflon st.tndards and the fabric sa~~les , each
individually sealed in polyethylene fUn , appeared to produce somewhat more
consistent values for the fluorine Content c-I a particular fabric , but di.—
crepancies still remained. Thus repeated determination of the fluorine con-
tent of a giver fabric sample did not alwi~ s agree even to within two or three
times the standard deviations which wore to be expected on the basis of the
counting statistics , and a rlot of iluc -rine content versus the number of fabric
discs which had been trradiat.d still indicated a positive , though much re—

— 
duced , interc ept c-r . the ordinate axis. Of particular significance was the
observation that a weighted least—squares analysis of th. decay of the activity
of th. 2—mil-thick Teflon standards In differen t t I me inte rvals over a period
of more than three half—lives indicated an initial decay more rapid (by more
than 3 ninute~- in some cases) than the 110—minute half-life expected , the half—
life gradually approaching more closely to the accepted valu, as time progressed .
For the case of a 1-nil-thick Teflon s~r;-.le, also sealed in polyethylene, the
initial decay rate was even more rapid , an apparent half—life of the order of
105 minute s being observed . The cauae of this abnormally rapid decay rate of
the activated T. f l c- n  samples was attributed to physical los. of some of the
fluorine activity during the course of the measurements.
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Such a loss of act ivi ty  ove r a prolonged time period suggested that
some of the active 1 F nuclei could be escaping by means of a gaseous diffusion
process throug h the thin polyethyle ne f ilm (20 ,21,22 ,23). Since the variety
of gaseous compo und s which can be forme d by recoil nucisi will depend to a

— great extent on the chsmicai. environment in wh ich they are pr oduced (24) , it 1.
unlikely that the gaseous products produced in Teflon would be exactly the same
as those produced in the coate d f ab r i c s .  Thus for  this reason , and also because
of possible variations in the thickness of the polyethylen. films, it is pro-
bable that the rate of loss of activity by dif fus ion would be different in
the two ca ses . Also, because the thickness of the uluo roch emica]. costing of
a fabric is much less than that of the Teflon standards , (finished and unfinished
fabrics cannot be distinguished by the naked eye) the loss of activity by
diffusion would be much more serious in the case of a fabric . For example,
th. greater apparent loss of activity observed for a sealed 1-mil Teflon sample
as compared with tha t for a 2-all sample can be attributed to the fact tha t ,
while the relative total activities would have differed by a factor of two, a
comparabl , number of free recoil nuclei would have been produced in the two
cases . Thus for the same absolute loss of activity by diffusion th. thinner
sample would appear to decay more quickly , as was observed . It can be con-
cluded, therefore, that measurement of the relative activity of a fabric sample
and the Teflon standards under such conditions would not provide the basis for
an accurate analysis.

Since it was obviously imperative to retain the recoil ~~ nuclei ,
it was eviden t that the samples still had to be sealed in some material, but
one through which the active nuclei would not so readily diffuse . Polyester
film is known to be relatively impermeable to common gases (25) and finds use
as a barrier f i l m .  The permeability of this film to such gases Is typical ly
of the order of 100 time s smaller than that of polyethylen e , a fac t which in-
dicated tha t a fi lm of this  mat erial migh t be more e ffec t ive  In containing
the recoil nucl ei.  On thi s premise all samples were then re-sealed in l .5—.u l
polyethyl.ne-.coated Mylar film (0.75 all polyethylene • 0.75  *11 Myla r ) .

The effectiveness of the Mylar f i l m  in reducing th. diffusion of the
active nuclei to negligible proportions was ii~~ediats l y evid ent in an analysis
of the decay of the activity of the sealed Teflon standards . No s ignifican t
difference in the decay rate could be discern e d , within the prob ab le error
dic ta te d by the counting sta t i s t i cs , over a period covering more than three
half—lives , and the measured half-life was in satisfactory accord with the
generally accepted value . In addition , measurements of th. fluorine content
of a typical coated fabric now appeared to be independent of the number of
fabric discs on which the determination was based, in spite of the fact that
the specific activities of the two Teflon standards could d i ffer  by 11.1
(for the case of three fabric diacs interposed) as a result of the neutron
f lux  gradient  through the sample . Thus it could be concluded tha t the basis
for a sat isfactory analytical technique had been established .
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6. FINAL EXPERIMENTAL TECHNIQL’E AND TYPICAL ANALYTICAL RESULTS

Th. final techniqu. which was dev.loped for the analysi. of coated
fabr ics by neutron activa tion d.pends critically on effective retention of those
active reco il I S

p nucle i , produced in the 1’F(n ,2n)~~’F reaction , which have
sufficient kinetic energy to escape from either the fabric samples or the Teflon
standards . As haa been demonstrated , loss of these nuclei by migration or dif-
fusion can be avoided by sealing all the samples individually to thin Mylar
f i lm  before  they are sandwiched together to be activated . Figure 2 shows the
sealed compo nanets of a typ ical sandwich and detai ls  of the polystyrene sample
holder which was employed to position the sandwich in f ron t  of the target of
the neutron generator.

In order to evaluate fully the neutron—activation method, the results
obtained using this technique were compared with those obtained by standard
chemical methods for  a selection of fabrics which had been treated with differ-
ent fluorochemical finishes (26). The results are summarized in the fol~owingtable:

TABLE IV

Fluorine by Weight of Fabric
Fabric Fluorochemical

Iden t i f i ca t ion  Finish Chemical Neutron Activation

1 disc 3 discs

Nc-oR-2B ~~~232 a 
0 8  ± 0.03 0.826 t 0.008 0.830 ~ 0.006

NC -OR-35 FC—232 0.7 1. • 0.03 0.694 ~ 0.007 0.693 ± 0.006

NC-OR-34 Zepel 8b 0 . 4 6  ‘ 0.02 0.508 • 0.005 0.502 ± 0.005

NC-OR-36 Zepel ~ 0.40 0,02 0, 420 ~‘ 0.005

CF-C-889 Zepel B 0.43 • 
~~~~~~~~~ 0.434 ~ 0.008

NC-OR 13 Tinotop T_lOc 0.24 • 0.02 0.242 ± 0.004

X77—402A None 0.02* 0.0k

Within the experimental error associated with the chemical analysts
technique .

No dis t inct  evidence of 1 F h a l f - l i f e , See Sec. 7.4.

~ 3M Company b~~ ront , 
Ccib a.G.j gy
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For some of the f in ished f a b r i c s  which were analyzed by neutron
activation separate fluorine determinations were carried out using samples
consisting of both one and thr ee sealed discs and , as can be seen by the data
presented in the above table, the two results wire consistent within the esti—
mated errors . The quo ted ac t ivation results in all cases represent the
weighted mean and the weighted standard deviation of this mean (based on count-
ing statistics alone) of , in most cases , at  least ten determinations of the
t l uor in  content of each sample which were carr ied out as the 1t F ac t ivi ty
decayed through two halt-lives or more . Typical decay curves of an activated
fabric sample and the two Teflon standards are shown in Figure 3. The fluorine
values determined by the two different analytical techniques are generally in
agreement with one another, although in some cases there is an evident tendency
for the chemical results to be somewhat lower than those obtained by neutron
activation . While such a tendency was not unexpected (26), it should be
pointed out that the samples which were analyzed by the two techniques were
not identical , be ing taken from different areas of the fabric roll. Thus the
uniformity of the fluo rochemical finish over the area of the fabric would be
an important fac tor affecting the det.~iled agreement to be expected between the
results  obtained by the two ana ly t ica l  me t hods.

Confidence in the analyt ical results obtained by activation of the
coated fabrics was provided by irradiation of f ive individually—sealed Teflon
standards which were all sandwiched together. In this case, while the specific
a c t i v i t y  of each sample dec reased according to its distance away from the targe t ,
r e f l e c t i n g  the f a l l — o f f  in neutron flux , the rate of decrease was essentially

constant  wi th  distance (see Figure 4 ) .  Thus the actual  act ivi ty  of any single
Teflon sample or group of samples in the interior of the sandwich could be cc—
Lurately predicted on the basis of the average activity of the two particular
samples which were immediately c@nt i guou s . liecause of the higher specific
activity attainable with the Teflon standards as compared with that possible
with the finished fabrics for comparable irradiation tines , the error in the
estimate of the activity of an interior Teflon sample in this case was much less
than the l—2 quoted for the fabric s in the above table . The effects of the
f a l l - o f f  in neutron f lux  away from the target , and a technique by which it can
be compensated for , wi l l  be discussed f u r t h e r  in a later section.

7. FACTORS AFFECTING THE POTENTIAL ACCURACY OF THE ANALYT ICAL RESULTS

7 ;  Non—uniform Flux Distribution

In neutron activation analysis the fall-off in the neutron flux away
f rom the target can be a cause of conce rn when a sandwich arrangement of sample
and standards is employed , since d i f f e r e n t  specific activities will be induced
in the successive components of the sandwich . In the present instance , for
example , it was found that , with three sealed fabric discs interposed (total

L thickness 31.5 — 39.0 mile), the specific activities of the two Teflon standards
could d i f f e r  by up to l1 as a result of the flux gradient through the sandwich,
as is evident in Figure 3. The fact that the analytical  results app eared to be
independent of the number ( from 1 to 3) of fabric disc s on which the determination~
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were based implied that the flux gradient was essentially constant at. least
across the thickness of the sandwich. Thus it could be concluded tha t the
average specific activity of the two Teflon standards provided a meaningfu l
measure of th. neutron flux at the position of the fabric sample .

A detailed examination of the actual fall—off in neutron flux away
from the target , as determined by the relative speci f ic  activities induced in
a sandwich consisting of five of the individually—sealed 2—mu Teflon standards,
held in a fixed distance from the target , is shown in Figure 4. It is apparent
that the flux fall-off can be considered to be l inear to within the standard
deviations of the individual activities which were measured and that, as a
result , determination of the fluorine content of coated fabrics by this tech-
nique can be carried out with some assuranc e that the data obtained will be
realistic .

The constant flux gradient near the target, which has been discussed ,
can be a t t r ibu ted  to th. extended nature of the target , whose dimensions are
comparable to the flux reg ion of int eres t . As the distance from the targe t
increases this linear fall-off can be expec ted to merge into the usual inverse-
square variation which is charac teristic of a point source . In the region
close to the target , howeve r , the neutron flux can be very variable , both in
space and ti , due to wandering, non—uniformity and dimensional instability
of the deuteron bean , variation of the tritiuni concentration over the area of
the target, and progressive non—uniform depletion of the target. The effects
of these local space variations , as well as of the overall linear fall-off in
f lux, could be compensa ted for to some extent  if the sandwich could be irrad-
iated from both sides by the same f lux .

An approach to obtaining suc h a uniform i r radiat ion could be attained
by simply rotating the sandwich in f r o n t  of the target  on an axis parallel to
the plane of the t a rge t .  In this case , howeve r , the axis of rotation would
have to be located at a distance from the targe t cap equal to the radius of
the sample holder , with a consequent significant reduction in the average
flux through the sandwich , which would necessitate a much longer irradiatio n
time . Th, f lux  through the sandwich could be maintained at nearly its original
level , however , if the axis of rotation moved back and forth  in front  of the
targe t so as to permit either face of the sample holder to approach as close ly
as possible to the target cap when the plane of the holde r wa, parallel to the
plane of the t a rge t ;  the axis would then move away from the target to permit
the holder to rota te in order to present its other face to the target. Such
a rotating and reciprocating device to provide the required motion of the
sample holder was designed and bu i l t  and is shown in Figure 5. The period of
the cycle was 2 seconds and the motion was continuous; an obvious refinement
would be to permit a dwell time for the sample at its two positions of closest
appr oach to the target . Usin g this device , the results of activating the same
five Teflon standards as had been activated previously are also shown in Figure
4’, and the near -uniformity of the relative specific activities of th. compon-
ents of the sandwich is apparent.

While rotation of the sample holder was not employe d in development
of the technique for analysis of fabric samples by neutron activation, it is
evident that its use for this purpose would remove much of the p tential source

• of uncertainty or error which is inherent in any method which depends on inter—
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polatiart of the neutron f lux over the thickness of the sandwich .

7.2 Weighing of Samples

The Teflon standards and the fabric discs which were to be ac tivated
we re all weighed on a Sartoriou s aicrobalance before be ing sealed in the poly-
ethylene-coated Mylar. The .icrobalance was situated in a controlled atmos-
phere and all sample. were allowed to equilibriate before being weighed.

It is recognized (27) that microweighin g can contribute an appreciable
source of erro r to any analysis where a mass must be determined . Absolute
errors of up to 10 ~g can usually arise from the non-linearity of the optical
scal. and uncertainty in its calibrat ion , and errors of at least 20 pg can be
attributed to combinations of the reference weights. Wh ile the absolut . weights
of the Teflon and fabric samples were not required in the pre sent instance, it
was hoped that the relative masses could be determined consistently. Thus
spec ial efforts were made to ascertain the reproducibil i ty with which the ap—
parent weigh t of a given sample could be determined .

Of a number of 2-mil Teflon standards (64-68 eg) which were re—
weighed at different times over a per iod of many months, the greatest dis-
crepancy which was observed was 40 ~~ 

representing a difference of about 0.062 .
Other samples of l-edl Teflon (31—36 eg) were also weighed repeatedly, and the
maxiaum difference observed in this case was 54 i~g or 0.152. In the case of
the fabrics , individual discs were weighed and the sumeed weights were compared
with those actually obtained when thes e were grouped into pairs or triples.
For three such disc s, of total weight “.. 3.40 eg, discrepancies of 20—200 ug were
noted , the maximum difference amounting to 0.06!. At times some difficulty was
experienced in obtaining stable values for the weights of the fabric discs, and
this was attributed to gain or loss of moisture even after sufficient time had
been allowed for apparently adequate equilibriation.

While a detailed study of potential errors in weighing was not attempted ,
a satisfactory weighing procedure was finally evolved(28). It was concluded that
it would not be unreasonable to assign an average uncertainty of 0.12 to the
weighing process . The magnitude of this error is thus much less than that which
could be attained from the counting statistics characteristic of the analytical
technique , particularly with reference to the activities of the fabric samples
which could be produced .

7 . 3  Systematic Errors Rs lated to Measurement of the Activity of the Fabric

It is to be expected that a fluorine analysis which is based on
measuring the total activity of a stack of two, three , or more fabr ic disc s
should give a consistently lowe r value for the percentage fluorine content
than that derived using a single disc , both because of the progressively
greate r distance of each disc from the detector surface and also because of
‘v-ray abso rption in the underlying disc.. A quantitat ive measure of the mag-
nitude of thi,  e f f ec t  was obtained in the following manner.
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One of the sealed Teflon standards was activated and the pure
‘‘F decay was then followed for  a period of more than four hours by sequential
counting of the activity of the standard alone , and of this standard with two,
four , and six unsealsd fabric  discs placed be tween it and the detector surface .
The best estimate of the decay curve appropriate to each of the four cases was
de termined by means of a weighted least—squares logarithmic fit to the series
of counts which were obtained in each case . On the basis of these f i t ted
curves the quantitative effect of the interposed fabric discs on the apparent
activity of the Teflon standard could be determined . A similar series of
msasuremsnts were carried out for one , three, and five interposed fabric discs. - 

—

The percentage reduction in counting rate which was observed for all these
cases is plotted in Figure 6.

Using the factors R1 , R 2, ——RN, which express the fractional
reduc tion in counting rate which was observed for the case of various numbers,
1. 2. —-—— N, of interposed fabric discs, it is possible to estimate the reduc-
tion in counting rate which might be expected when a given number of equally—
activated fabric discs are counted together. Thus, for the case of a single
disc of total activity A , it can be assumed that the measured activity will be

~ R~ A less than the true activity. This is based on the simple assumption
that the average reduction in counting rate for the case of activity uniformly
dispersed through the fabric disc will be one half that which would be the case
if  the activity were concentrated on that surface of the disc remote from the
detector , as had been the case in the experiments with the activated Teflon
standard ., discussed above . Al te rna t ive ly , the total activity of the single
fabric disc could be considered to be concentrated equally on its two surface.;
in this case the activity ~ A on the side nearest the detector would be counted
without any absorption by the fabric , while the counting rate of the activity
on the side away from the detector would be reduced by the amount R1 + A, the
fac tor  K, incorporating the e f f e c t s  of both dis tance and abso rption. This
viewpoint is useful  in considering the counting rates to be expected with
multiple fabr ic  discs. Thus , for the case of two discs, that part of the count-
ing rate due to the disc nearest the detector  would be reduced by ~ K ,  A , the
same as for the single disc already discussed ; for the second disc , with activity

A considered to be on each surface , the counting rate due to the activity on
it. bottom surface (adjacent to the first disc) will be reduced by R 1 ~ A be-
cause of absorption in the first disc , and that due to the activity on its top
surf ace by K2 ~ A because of absorption by both discs.  Thus the total reduc-
tion in counting rate to be expected for  the two discs would be:

4R,A + ~R 1A + ~R2A

- 
~~ 2A x ~~ (2R~~4 R2)

Since the total a c t i v i t y  of the two disc s together is 2A. the fractional re—
duction in counting rate to be expected will  be ~( 2 R,  • 1(7) .  Similarly,  for
th ree disc., the fractional reduction will be ~ (2R , + 2R 2 + K,). The reduction
in counting rat. to be expec ted for  various nu~nb~rs of equally-act ivated fabric
discs , counted together , is also plotted in Fi gure 6.

On the basis of the above analysis , and as evident from Figure 6,
a fluorine determination based on the activity of a single fabric disc can be
expected to be less than ~2 too low, and that based on three discs will be
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about 22 low. Since similar , though uch smal ler , self-absorption effects will
occur in the 2 -m.tl activated Teflon standards, such sys tematic errors in the
analytical results can be expected to be somewhat less than the figu re s quoted
above. In any event , these figures are comparable to the uncertainties attri-
bu table to the counting statistics which could umasily be attained , the latte r
be ing limited by the act ivi ty which could be induced in the coated fabrics in
rea sonable irradiation time s (lee. than 1 hour).

7.4 Long—lived Activities Produced in the Fabric

In the analytical technique which has been developed for th. analysis
of coated fabrics , the short-lived ac t ivitie s (mainly ‘‘N) produced in the fabric
are allowed to decay and then, af ter  about 2~ hours , the activity remaining is
followed for 3 to 4 hours , during which time the fluorine content is determined .
The decay of the act ivi ty  is monitored during this  period in order to confirm
that the decay rate , as determined fro m a least-squares logarithmi c f i t  (assum-
ing a single linear component), corresponds with that to be expected for 1 F.
The degree to which the decay rate of the activa ted fabric was found to conform
to that of ~‘F can best be sumearized by th. valu, of th. weighted mean half-
l i fe  which was calculated from the half—lives actually determi ned in nine sepa-
rate analyses of fabric s which had been treated with d if fe rent  fluo rochamical
finished (including all those coatid fabrics listed in Table IV) ; the analyses
were based on the activation of 1,2 , or 3 of the fabric d iscs, and from 9 to 15
determination . of th. fabric  a c t i v i t y  (10—minute counts) were made in each
analysis as this activity decayed . The weighted mean ha l f—l i f e  of the fabric
ac t iv i ty ,  and the weighted standard deviation of this mean, was 109.83 ± 0.84

— win. For th. case of the various patts of Teflon standard s which were employed
in these di f fe ren t  analyses , the weighted mean half-lives we re 110.01 ± 0.22 win
and 109 .88 i 0.18 mm for the front and rear standards respectively. Thus,
over the time periods during which the fluorine analyses were usually carried
out , the fabric activity appeared to decay wi th  a h a l f — l i f e  which could be
at t r ibuted solely to “F to wi th in  the stat is t ics  of the counting process.

In spite of the apparent compatibility of the decay rat. of the
activated coa ted fabric s with that of a pure 1’F activi ty, however , it was
evident that a long—lived act ivi ty as also present. This was observed when
the decay of some of the fabric samples was followed for 20 hours or more .
Thus, about 12 hours after the firs t fluor in, determination had been wads, at
which point the decay curve f i t t ed  to the act ivi ty measured during the 3—4 hours
that the fluorine determinations were carried out had decayed through nearly
7 half-lives to 12, the net activity (background subtracted ) which was measured
was approximately 0 - 352 greater , depending on the particula r coa ted fabric ,
than that suggested by extrapolation of the f i t t e d  decay curve . Since this
net activity (in the case of 3 fabric discs) was typically of the saws orde r
as the normal background, the error in the estimate of the magnitud. of the
excess activity could be very large. Continued observation of the decay of
the net activity, however, indicated the definite pres ence of a long—lived
component with a ha l f—li fe  certainl y greater than 10 hours but , b cause of the
low counting rate available , a more prec ise value or an attempt at identification
was not possible. It was estimated , however , tha t any such long—lived activity
would contribute less than 0.52 to the measured activity, attribute d to
dur ing the period when the fluorine determinations mae. normally carried out .
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Since the relative amount of the long-lived activity appeared to depend on the
particular coated fabric which was being analyzed , it is evident that a precise
analysis of the fluorine content of any coated fabric should include a dete r-
mination of the potential contribution of any such long—lived component. In
this context it should be noted tha t no s ignificant amount of any long—lived
activity (>10 hours) could be detected in samp les of the basic fabric prior
to finishing. Since these samples were irradiated and coun ted under identical
conditions to those which obtained for the coated fabric., it must be con-
cluded that the source of th. long-lived component found in the activated
coated fabrics had probably been introduced during the fluorochemical finishing
p rocess itself.

While the definite presence of a long-lived ac t iv i ty  in ome of the
fluseochemical—treated fabrics could be detected , the possibility of a suggested
identification on the basis of half—l i fe was precluded by the very low activity
which remained after the contribution of the ~‘F ac t i v i t y  had become insigni-
ficant. More distinc t evidence of a similar long—lived activity, howeve r , was
found La other fabric samples which had been treated with a water-repellent
finish which did not contain fluorine . Thus the activity of fabric X77—4 02A,
which had been analyzed for fluorine and the negative result reported in Table
IV , was followed for  more tkan 24 hours . A f t e r  about 7 hours the decay curve
appeared to consist of a single component which, on the basis of a least—
squares f i t  to the ac t iv i ty  measured over the next l7~ hours , had a ha l f—l i fe
of 12.3 ± 9.9 hours.  Extrapolation of this component and subtraction from the
activity measured in the first 7 hours pe nnitted a component to b. resolved
which decayed with a half-life of 35-’.0 win as measured over a 3~ hour period ,
as well as a component of shorter h a l f- l i f e  which was attributed to the 10-win
~~ N.  Such components (12.3 h and 35—40 win), if present in a fluorochemical—
treated fabric , together would have contributed about 102 to the total activity
measured during the period when the f luor ine dc termin*tiona were usually car-
ried out (assuming a comparable i r radiat ion t ime  and a 0.242 fluorine content,
such as in t~~-OK 13 (Table IV ) ) ,  and the longer-lived component itself woul d
have constituted more than 602 of the measured ac t iv i ty  at  the point where
the fluorine activity had decayed to 12. At later t imes, however , a f t e r  the
fluorine contribution had becoma negligible, it was apparent tha t the magni tude
of the ac t iv i ty  of the long—l ived component found in the fluoroch ical—treated
fabrics was % 102 of the long—lived component foun d in the water—repellent
fabric .

In the absence of more detailed information concerning the composition
of the dye s and othe r finishes with  which the fabrics wh ich were analyzed had
been treated , and without furthe r expe r imental work which would go beyond the
origina l intent of the investigation, definite ident i f icat ion of the long —
lived activity found in the water-repellent fabric X7 7—4 02A canno t be provided.
On the basis of th . measured 12.3 ± 0.9-hour half—l ife, however, it could be
suggested that this activity was due to the positron emitter “Cu(Tj 12.7 h),
which would have been produced by either of the reactions “Zn(n,p) ~Cta or•S Cu(n 2n )~~ Cu That the former reaction was more lik.ly , however, ii sug-
gested by the presenc e of the 35-40 win activity which was also found in the
saws fabric ; this activity could be attributed to the positron emitter ‘‘Zn
(T4 38 win) produced in the reaction ‘~Zn(n,2n)”Zn. The possible presence
of zinc In the fabric 277-402A could be related to the dy. which had been
used; this was a white fabric (colour Sugar White No. 2584) and ZoO is known
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to be used as the white pigment in some dyes. On the other hand it is also
known that metal salts of organic fatty acids , such as ginc octoate or similar
salts of aluminum, are employed as catalysts during the treatment of textiles
with vat ious water repellent. . That the latter source of zinc was more pro bab le
was suggested when a similar blue-dyed water—p roofed fabric X77-40211 (colour
French Nsvy No. 2670) was activa ted. The activi ty of this fabric was followed
for only 64 hours and thus the half—life of any Long—lived component was not
established; however an examination of the first 2 hours of the decay curve,
and subtraction of the estimated contribution of 10-win ~~~ clearly suggested
a component with a half—life of 35-40 win which was similar to the component
revealed when the X77-402A decay curve was analyzed in the same manner.

7,5 Systematic Errors Related to the Production of ~‘F by Secondary Reactions

It has been pointed out previously that recoil protons, produced in
any bydrog.nous material b~’ inc ident neutrons, can initiate reactions whichlead to the production of ‘F. Thus the secondary reactions R70(p,y) II p andL I

O (p , fl) t l p can be expec ted to occ ur in oxygen—contai ning organic ma terial.
such as the nylon and cotton (cellulose) components of the base fabric . Other
contribution. to the IS

p act iv i ty  could also be p roduced through the ~~N(o,y)”F
and ‘‘N(a ,n) ” F tertiar T reactions itt the nylon, the ci—pa rtt cl.. being produced
in the 1’O( p,cz) ’’N and ~N(p.ci)

11 C secondary reactions .

In order to determine the amount of any I I
? activity which might be

produced by the above reactions, samples consisting of three discs of the basic
fabric a. obtained prior to finishing were irradiated and counted in the usual
manner. The decay curve which was obtaine d is shown in Figure 3. The main
activity observed was that of 10-win ~~~ in an a~~unt comparabl. to that found
in the coate d fabrics , as expected . Afte r about 24 hours, when th. initial
activity had decayed by a fac tor  of 1000 to give a net activity of the same
order as that of the natural background , the activity which rema ined appeared
to represent a single component which decayed at a rat. consistent with a half —
life of 110 win, as observed over the followin g 5 hours. On the best s that
this activity was due to 1 p which had been produced by secondary reactions
in the bas ic fabric , and in the Mylar in which the fabric had been sealed, a
compariso n with the a ctivity induced in the two Teflon standard. which had
been irradiated at the same time indicated an apparent fluorine content of
~ 0.0042 for the untreated fabric . Continued observation of the net activity
of the fabric did not yield statistica lly significant data on which the pre-
sence or absenc. of an additional activity of long half—life could be based.

As a consequence of the above resul t, it is evident that the percent-
age fluorin, content which is de te rmined by activatio n of au~ fluorochsmical—treated fabr ic will include the de tectable contribution of F which is pro-
duc ed in the basic fabric i t self .  Thus in the case of the fabric tiC-O R 13 ,
refe rred to in Tab le IV , whose fluorine content was measured to be 0.242 t
0.004 2 on the basis of th . activity produced in three discs of the fabric ,the fluorine content attributable to the fluorochemjcal. finish alone shouldper haps mor e correctly have been quoted as 0.238 ± 0.0042, the secondary con-
tribution being of the same magnitude as the nearly 22 statis tica l uncertainty

- ‘ in the measure ment itself .  Howeve r , th is secondary ~‘F contribution would be-t practically entire ly compensated for by th. stellar ‘.22 deficiency to be
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expected in the measurement of the total activity of the three fabric discs
(see Fig. 6), and thus the originally quoted fluorin, content of 0.242 ± 0.0042
need not be corrected in thi s case . For fabrics with a significantly greater
fluorine content the constant secondary 15 F contribution would generally be
more than compensated for by the systematic error associated with measurement
of the activity of the fabric , with the result that the net effec t of this latter
source of error would become of less overall significance in relation to the
magnitude of the statistica l, uncerta inty inherent in measurement of the total
activity.

Othe r possible secondary react ions  which could contribute excess
1 F activity require the presence of fluorine itself. Thus the l~ F( p~~ ) hS F
and “F(p ,pn) 1 F reactions could be produced in the (luoro chami cal coati ng of
the fabric by knock-on protons from the hydro~ enous basic fabric , or b~ protons
emitted in the l~~ (fl ,p)I~~ reac tion, and the L~

1 N( Cz ,y)~~ F and ‘5 N(a ,n) ’ F reac-
tions could al so be produced Lo the fabric aubetrate by the ci particles emitted
in the “F(n,ci)”N primary reaction in the coating. Since t~e energy of the ci
par ~ icles from the latter reaction ranges from 12.7 Hey at 0 to 7.7 M V  at
180 , it was not possible to investigate separately the production of “F by
direct bombardment of the untreated fabric , or a nitro gen-containing plastic ,
with a particles of this energy using the DR~X) 3-P~ V Van de Graaff accelerator.
Similarly, energetic protons in the range emitted in the l~ y(fl,p)I~0 reaction,
10.75 - 8.34 P1eV, or compatible wi th  the spectrum of the recoil protons, 14—0
MsV , were not available for separate bombardment of a coated fabric or a fluor-
inated hydrocarbon. Thus a different approach to assessing whether measurable
amounts of 1 F could be produced by such secondary reactions was required.
It should be noted , however , that production of excess 1 F, due specifically to
reactions with fluorine initiated by protons emitted in the l~~(~ ,p) l~ Ø reaction ,
would occur in both the fluorochemical coating and in the Teflon standards .
Since the relative amount of ~

‘F so produced would depend on the fluorine content
in the two Case s , any excess amount od “P in the coated fabric , produced in
this manner, would not be detected by a comparison of the specific activities.

From the above discussio n it is therefore apparent that, becauae of
secondary reactions which could occur onl y as a result of the intimate contact
be tween the fluorochemical coating and the fabric , the amoun t of 2 F produced
in a coa ted fabric might be greater than that which would be produced in the
isolated coating alone . On this basis a model of a coated fabric was devised
which simulated the essential features of a typical coated fabric in such a
manner that the conditions for the production of excess “ F would be similar
to those in the coated fabric itself , and in which the component which simulated
the coating could also be examined in isolation. The simulated or mock fabric
consisted of a disc of Teflon, 0.025-me (1—nil) thick, sandwiched direc tly be-
tween two similar discs of pure nylon film, each 0.76-0.102 me (3—4 mils) thick,
the total weight being 131.963 mg. Thus , with this configuration, the a particles
actually produced by the “F(n ,ci)~~’N reac t ion in the Teflon could interact with
the nitrogen in the nylon in an environment similar to tha t found in a coate d
fabric , and also the knock-on protons from the nylon could similarly interact
with the fluorine in the Teflon . Th. simulated fabric sample , sealed in Mylar
in the usual manner, was sandwiched between two sealed Te flon standar ds , and
the amount of fluor ine was determined on the basis of the amount of “F produced

- - by activat ion. The fluorine content determined in this manner was then compared
with that which had been determined by a previous separate activation of the

UNCLA.S S lED

--

~

- - - - -  --- --—~~~-~~~~~~~~~~~ --- ~ - - --~~-~~~ - - -- - - -



-~
“

~ -‘~-- ‘.‘--r--’t-~~~~~ ‘ ‘~-~~~~~r-— ~~~‘-~~rnr.~ ’-- - - - -~n~~~~~~~~ “- - -- ~.- .~~-

UNCLASSIFIED 27

1-mil Teflon disc alone, similarly sealed in Mylar , in which the same two Teflon
standards had been used . The following re sults were obtained:

TAILE V

Fluorine Content mg
Theoretical fluorine content
of 1-mil Teflon disc , based on
total weight of 32.448 mg. 24 .660 ± 0.025

Teflon disc activated alone 24.676 ± 0.068

Simulated coated fabric ac tiva ted
Determination 01 24 .649 ± 0.073
Determination 02 24.785 ± 0.068
Wsighted mean and weighted

S.D. of mean. 24.721 ± 0.068

Thus it is apparent tha t the ac tual known fluorine content of the
mock fabric was not obviously incremented by contributions f rom secondary
reactions involving fluorine to a degre. which could be ascertaine d with
resp ect to the relatively large amount of fluorine already present, or which
could be identified within the statisti cal uncertainty atta ched to the easure-
aents . These aeasurme nc. do , however, provide a practical demonstration of
the basic feasibility of determining fluorine in a coated fabric by means of
neutron ac t ivation .
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8. SU)*~ARY

An analytical techniqu e has been develope d for determi ning the
fluorine content of fluo rocheaical—treated fabrics by neutron activation
using the l~~~

p(fl
~~~~~~~~

)
h

p reaction . The fabric samples which are to be activated
are cut into circular discs and sandw iche d between two similar discs of Teflon
which serve as reference standards . The sandwich of the ma terials to be
activated is then held rigidly in a sample holder which is positioned on the
target cap of the neutron generator. After ac t ivation the relative activities
of the individual components of the sandwich ar e determi ne d using a NaI(Tt)
detector. The success of the technique depends critically on effective re-
tention of thos. active recoil “F nuclei, produced during activation , which
have sufficient kinetic energy to escape from either the fabric samples or the
Teflon standards. Loss of these nuclei by migra tion or diffusion can be avoide d
by sealing all samples and standards individually in thin Mylar film before
they are sandwiched together to be activat ed. It is probable that the loss
of activ. nuclei was mainly responsible for the inconsistency in some of the
data which was noted in previous work (17) which employed the same nuclear
rea c t ion and a similar techniq ue .

Th. potential accurac y of the results obtained can be affected by a
oumber of factor. , although the overall uncertainty is dominat ed by the meg-
nitude of the counting statistics which can usua lly be obtain ed , these being
determined b y the amount of 1 F activity which can be induced in the coated
fabric in a reasonable irradiation time. The factor which is of main concern
is the fall-off in neutron flux away from the target, which results in differ-
en t specific activities being produced in the successive components of the
sandwich . It was determined , however , that the flux grad ient was essentially
constant acrosS the thickness of a sandwich compo sed of at least three fabric
discs and that the activities of the Teflon standards could therefore provide
a meaningful measure of the neutron f lux at the position of the fabric sample.
This potential for uncertainty can be effectively overcome by imparting a
rotary motion to the sample holder so that the sandwich is irradiated equally
from both sides by the same flux to give a nearly uniform activatio n through-
out .

Other factors of less serious concern relate to systematic errors
encountered in measurement of the actua l. activity of the irradiated fabric
samples , and to the presence of ~~F activity in the activated fabric which
is unrelated to the amount of fluorine in the coating itself. Thus the measure-
ment of the total activity of two or thre e equ ally activated fabric discs can
be expected to lead to a lower appa rent fluorine content than tha t derived
fro. the ac tivity of a single disc , both because of the progressively greater
distance of each disc from the detector surface and becau se of ~—ray ab .orp—
tion in underlying discs. Separate measurements of the reduction in counting
rate caused by various n~~~ers of fabric discs inte r posed between a source
and the detector enable appropriate correction fac tors to be derived . The use
of such correction factors is obviated to some extent , however, particularly
for the case of fabrics with a small percentage of fluorochemical finish , by
the pr esence of excess “F activity which is produced in the basic fabric
itself by knock-on pro tons , mainly through the “0(p, u)~~ F reaction. The
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excess “F so produced is equivalent to an appa rent fluorine content of 0.0042
for the untreated basic fab ric , and this tends to compensa te to some degree the
systematic deficiencie, which arise in the measurement of the total activity of -

the fabric .

A final factor which can affec t the accuracy of a fluorine ana lysis
is the presence of any long—lived act ivity .  Such an activity can arise f rom
elements contained in compounds employed in various of the f inishing processes
and is thus probably independent of the actual fluori ne content of the finished
fabric . However the magnitude of this contribution should be dete rm ined if a
preci se analysis is to be ma de . For th. case of the parti cular coated fabrics

• which were analyzed in the cour se of this investigation it was estimated tha t
any such long—lived activity would contribute less than 0.5% to the measured
activity which was attributed to 11 F, and would thus generally tend to be masked
by the 1—22 counting statistics which could be attained.
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13 A B S T R A C T

An analytical procedure has been developed for dete rmining the
fluorine content of f1uoroc~~~~cal-trsated fabrics by activattoiQ with fast
n u trons, using Teflon film as the reference standard . The ulti ta
maceec. of the t.chmiqu. depends on effective retention of the active
recoil 1 F maclsi produced in the 1 F(n,2n) 1’F reaction, which is acco~~—
lished by sealing .11 saaplss individually in Mylar film. It is demonstra te -
that recoil protons produced in the fabric substrate by the incident
neutrons create a measurable amaunt of 1 F in the basic unfinished fabric
through the 1 O(p,~ )1 F reaction. Th. production of such excess ~‘V tend s
to co~~ens.te for systematic deficiencies encountered in measurement of the
total ‘V-.ctivity of the finished f abr ic . It i. shown that wn~uniform
activation of the irradiated ~~~1.. du. to the fall-off in neutron flux
near the targe t could be overcoms by the use of a rotating and reciprocating
sa~~le bolder.
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