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ABSTRACT 

The slow neutron transmission method of determining the hydro­

gen content of fluorocarhons depends on the fact that the slow neutron 

cross section of ^ydrogeh is much greater than the slow neutron cross 

section of Fluorine and Carbon. Replacing llC of the F atoms hy H atoms 

gives ahout a 10)^ change in neutron transmission for samples of the proper 

thickness. Impfmred accuracy and stahility of the method has been 

achieved by using fi5>proximately monochromatic neutrons from the Columbia 

University Neutron Bealn ̂ jectroraeter. 

The neutron analysis method is simple, strfcightforward, requiring 

little time and no operations on the sample. The method is capable of 

giving answers to about 2 H atoms per 1000 (H + 2") atoms for low H content 

sanples. Controlled neutron energy is important because of the energy 

dependence of the hydrogen cross section^ 

A comparison of the results of this method with the results of 

McBee's pyrolytic method for 23 of the samples shows*that the agreement 

of 1^ of the 23 sanples is within the experimental error. There seens to 

be a close correlation between the density and the specific refraction '̂  

of a sample with its hydrogen content. There also seens to be sone 

lesser correlation between the fluorescence, the sanple and the hydrogen 

content. 
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INTRODUCTION 

2) A previous paper (A-1212) was issued October 19^3t describing 

the results of the preliminary studies nade at that tine on the neutron 

analysis nethod for H content. This paper developed the theory of the 

method in detail and discussed the practical factors involved. Since 

then the procedure and apparatus used have been considerably modified 

and the effectiveness and reproducibility of the nfethod iraproved. Routine 

analyses of fluorocarbon sanples are now being nade and it is the purpose 

of this paper to describe sone of the changes in procedure and the more 

recent raeasurenents. 

THEORY 

The principle enployed .nay be explained briefly as follows: a 

collinated bean of slow neutrons is produced by using a cyclotron, suit­

able paraffin slabs and i^O-Cd collinating tubes. Material placed in the 

bean will scatter t̂ e slow neutrons and reduce the intensity of the trans-

nitted bean in an exponential fashion sinilar to the transnission of 

light or x-rays through an absorbing neditin. If I^ represents the 

initial bean intensity and I represents the bean intensity after passing 

through the sanple, then I/l^ a e'^ yihere A is the absorption coefficient 

of the sanple. If the saaple is conposed of several comjonents (l, 2, 

3t etc.), then the absorption coefficient is the sun of terns reiDresent* 

ing the effects of the separate conoonents. If /O: represents the 

amount of naterial in the bean in gn/cn of the i component and K, 

(l) Ar-1212, Burger, L. L, and Rainwater, L. J.., "Determination of_ 
lB-392, 1.6-6, IO/21/U3, 

- U _ 
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2 th 
represents the mass absorption ceeffieient in cm /gs of the 1 component, 

then A s 'PjJ^i + ^^o^ * ^^ *^* material is uniformly distributed over 

the area of the beam* 

InptwtctHtc^ tikkSBPesaatfe'.«Ni made with the fluorocarbon materials 

in copper containers to give about k cm. thickness of oil in the beam. The 

transmission of a standard fluorocarbon sample is measured by alternating 

measurements with the standard in the beam and a blank holder in the bean. 

Considering only the ratio of the two intensities eliminates the effect of 

the holder and the value of Kg^ for the standard fluorocarbon oil is 

determined,. Dy using a hydrocarbon material it is possible in a similar 

way to obtain a value of KQ^ for a material of the type (CHg)^, An im­

pure fluorocarbon nay then, to a close approximation, be considered equiva­

lent to a mixture if the standard material and a hydrocarbon oil. 

In order to express the magnitude of the effect we have con­

sidered the pure fluorocarbon oil to be of the form (Olp).* If n is 

arbitrarily set equal to ̂ 00, this becomes ^coo^iooo' ^^P^'^c^'^ ^ certain 

number, o C , of the 1000 F atoms by H atoms changes this to ̂ 500^(1000-0^^^0^ 

The results of these measurements are usually expressed by giving the value 

of (TC-which is equal to the H atoms per 1000 (H + F) atoms.. 

Since the cross section of a CH^ molecule for slow neutrons is 

about ten times the cross section of a CF2 molecule (the exact factor 

depends on the neutron energy), replacing 1^ of the F atoms by H atoms 

gives about a 101̂  change in the cross section. If the total transmission 

of the standard oil is about e"^, then the ratio of the intensity with 

*• 5 
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sample in the beam to the intensity with the standard in the beam (cor-
p 

rected to the basis of equal gm/cm ) will be about O.9O or a 10^ effect 

in transmission. 

METHOD OT CALCULATING THE HYDORGEN CONTENT OT M UNKNOWN FLUOROCARBON OIL 

1, The densities of the stand̂ lljrd and of unknown samples of 

fluorocarbon oils are measured and the cell thickness determined to give 

the values of JO for the standard and the sanples, 

2, Transmission measurements are made alternating the standard 

and a blank holder in the beam to obtain the value T ^ s transmission of 

the standard material. From this K̂ ^̂  = ( -logT ) ig calculated, 

3, Transnission measurements are nade alternating the standard 

and a sanple in the beam to obtain /-^K Multiplying by T ^ gives Tĝ ^ and 

the values of K„„ s y - ^ \ is calculated. 
^^ C (O ) 

\ , With the standard always in the bean a thickness of hydro­

carbon naterial is alternated in and out of the lieam. The value 

^ < /* '0H2 

is calculated from the transnission neasurenent. 

5, From K^, K_g , and Kĝ ^ the Value of c^ , which gives the 

nunber of CHp molecules present for (lOOO -^K. ) ̂ ^2 saolecules, can be 

conputed for 

1 MQJ.^ (1000 - c O 4-MCH2 c^JKg^ « MQJ^ (1000 -</:) Kgt 4. M Q H 2 < ^ K C H 2 

where the M's are the molecular weights of the substances. 

- 6-
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In practice it has been found more convenient to introduce the 

sxperinentally detemined quantity Es# (Kg^ - Kg^)/Kg^ and solve forcTV-in 

terns of R and the other experimentally detemined paraneters. After carry-

ing through the algebra the final result is given by 

CTC' 
1000 R Kgt 

[0.28 (KcHg-Kg^) + 0.72 R K g ^ 

Since Egn and E ^ have been found to be constant when using nonochroiiatic 

neutrons, a plot of c ^ vs R has been nade and the value of ̂ .^is dotemined 

for a specified value of R from the graph (See Figure l). 

It should be emphasized that O ^ i s a value detemined relative 

to the standard ell used. If the standard oil contains hydrogen, the diff­

erence .between the standard and the sanple is what is neasured. 

NEUTRON ENERGY DISTRIBUTION AND NEUTRON DETECTION. 

The neutrons used for these neasurenents are produced in the 

cyclotron by bonbarding a Be target with deuterons. This produces fast 

neutrons which are slowed in a paraffin Isource" slab to give an effective 

source energy distribution containing all energies from the themal region 

(average O.oU e.v.) to the fast neutron energies. When a BF, proportional 

covinter is used as detector about 90^ of the counting rate is due to 

neutrons removed by Cd (energies below about 0,5 e,v,) while 10̂ 6 is due 

to slow neutrons of higher energies. The shape of the distribution in the 

region of themal energies, as well as* the ratio of counts with and with­

out Cd, depends on the thickness of the paraffin, the direction of the 

incident fast neutron radiation, and several other factors. In the early 

- 7 -
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measurements (see rep6rt A-1212) the entire distribution of neutrons was 

used to minimize the nvmber of raeasurenents and the time required to obtain 

a given statistical accuracy of counting. Measurements using just that 

portion of the neutron distribution renoved by Cd (below 0.5 e.v.) were 

asually not nade as twice as nany separate neasurenents are required to 

obtain a given answer and the length of each count for a given overall 

statistical accuracy is increased. 

In order to account for fluctuation and changes in the cyclotron 

intensity a second slow neutron counter is used as a nonitor. This is 

placed in a position where the counting rate is t)roportion?»l to the cyclo­

tron Intensity but will not be affected by the presence of spnples placed 

in the collinated slow neutron be^n. The r^tio of detector to nonitor 

counts then corresponds to detector counts per unit tine for J? source of 

constr-̂ nt intensity. 

Using the entire neutron distribution fron the source slab haji 

the following disadvantages: 

1, The hydrogen cross section is de-oendent on the neutron 

energy and increases with decreasing energy. Since the sh^pe of this 

distribution is not easily reproducible »jid is not stable over a period 

of tine, the values of K ^ and K/jg are not very reproducible, 

2, In passing through a sanple, the "soft" (lov; energy) 

radiation is nore rapidly renoved than the *hard" conponents so the qual­

ity of the rndiation reaching the detector is dependent on the absorber. 

This neans that the effective K values will depend strongly on the nature 

?>nd thickness of the nsiterinl in the bê in. 

- 8 -
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3. The ratio (XQV /E-*) will be nuch snaller for the complete 

distribution than for themal energy neutrons alone. 

VELOCITY a?:IS:JT_qH METHOD 

It is evident from -uhc above discussion that the ideal '"'rthcd 

of neasurenent would use nonoc>iron&tic neutrons of low energy to obtain 

reproducible values for the K and as large a value e.s possibls for the 

ratio (EQHJJ/E^), Since a slow neutron velocity spectrcneter syst-en has 

been developed at Colunbia lu connection with other work it has seened 

desirable to use it for these neasurenents. 

The principle of operation of this device is as: follows^ The 

cyclotron arc is normally kept off but is turned on for an interval of 

T]_ nicroseconds once in every cycle of T nicroseconds. Within a few 

nicroseconds of this burst the deuterons are accelerated to strike the 

Be target and the fast neutrons ̂ ven off, reach the paraffin slab, are 

slowed down and leave the front of the paraffin slab with the energy dis­

tribution discussed above for continuous operation. Thus a burst of slow 

neutrons emerges fron the paraffin slab alnost siSrultaaeous with the arc 

pulse. The slow neutron detector, situated at a distance (5.8 meters) 

frod the paraffin slab, is nade normally insensitive over most of the 

cycle except for an interval of duratioh, Tg. at a time, t, after the 

arc pulse. The slow neutrons detected nust have the velocity v - l/t and 

will thus be of known energy. For the purpose of these raeasurenents, a 

value of Tĵ  r 200 nicroseconds, Tg = 800 nicroseconds and T « 3OOO micro­

seconds has been chosen, Measurenents were nade using widely different 

timings, t, to see if the same results could be obtained using widely different 

- 9-
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neutron energies. It was found that the agreenent between neasurenents 

using different energy nonochronatic neutrons always gave the sane re­

sults within the accuracy of the neasurenent.even though KQH differed 

by a factor of 3 iJi the extrene neasurenents. 

Since Kg^ is alnost independent of the energy over a wide 

range, the sensitivity of the nethod will be.proportional to K^g and 

it is nuch better to use low energy neutrons. The neasurenents have now 

been standardized to use a tining of 2300 nicroseconds between the cen­

ters of the arc and the detector nodulation intervals. Although the 

distribution obtained is not strictly nonochronatic, it is nearly enough 

so to be quite reproducible and the quality of the bean renains essen­

tially unchanged in passing through the sanple, 

EFFECT OF A DIFFERENT 0-F RATIO 

Since the cross section of F is snaller than that for C and its 

atonic weight is greater, there is a change in E„- produced by changing 

the C-F ratio as well as by changing the H content. This effect should 

be unimportant for oils nade by sinilar processes but should be nen-

tioned for completeness. For an increase in the F/C ratio of 0.10 the 

effect is the sane as for a decrease in H content of one H atom per 

1000 (H + F) atons. Thus the results are a factor of 50 less sensitive 

to a change in the F ratio than to the H ratio. 

- 10 -
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SAMPLE MATERIALS 

The material tested was largely regular C-2ll+4 production by 

both liquid phase and vapor phase methods. Measurements on these samples 

were made as part of a testing program for The Kellex Corporation and for 

U.S.E.D, In addition, several special samples were tested including some 

for Dr... .Surford in connection with the retreatment studies made at Johns 

Hopkins University. 

GD-I336 and GD-1337 were prepared from GD-1335 (Lot 39) by 

treatment with AgFg. 

JHL-M, -N, -A2, -B2 were prepared from Lot I+5. The fonner •> "o 

by treatment with 20^ Fg, while A2 and B2 were reacted with Fj in the 

presence of CoF,. 

JHL-C2 was prepared in the same manner except that the starting 

material was Lot kk. ~ --.. « ,„.*-^,. -. ., «^^ 

Lot 3-1, Drum 9, was a C>-8l6 sample which had been fotmd to 

4?eact with C-616 causing plugging of barrier. Subsequent chenlcal analysis ' 

/ showed sufficient water present (0.0115^ by wt.) to account for the plug­

ging. This quantity would not contribute significantly to the observed ^ 

hy^^^en content. 

The reference material for the samples in the latter part of 

the table was QB-903. This was an early vapor phase product which had 

been retreated with COFT. This was known to be low in hydrogen content 

and for these measurenents it was assumed that this material was pure 

(CFg)̂ .̂ The earlier standard contained some GD-902 which was shown to be 

nearly identical. As the results given by the neutron nethod indicate 

- 11 -
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only a difference in hydrogen content, it should be emphasized that values 

reported are relative to GD-903. If GD-903 contains hydrogen, then the 

values reported will be low by this amount. 

Density measurements were reijaired for calculation of hydrogen 

values. These neasurenents were nade by Division III of SAM using a 

25 cc. pycnoneter at 25.0° C. and should be accurate to about 0.1^. 

Division III of SAM also cooperated in this.work by taking care of the 

sanples and changing sanples in the holders. The neutron neasurenehts 

were nade by the Colunbia University group using the cyclotron and the 

associated Neutron Velocity Selector equipnent, 

RESULTS 

The results are sunnarized in the Table, Colunn I lists the 

oil sanple and the nethod of preparation. (V - vapor phase, L - liquid 

phase.) Column 3 gives C7A-= ^ atons per 1000 (H-l-F) atons. (On this 

scale a pure fluorocarbon has^/'^ -.-i 0 while a pure hydrocarbon has(7S ^ 

1000.) This nunber times O.0I+I+ would be the average nunber of H atons 

per nolecule if the molecular size is taken as CggF)|).. Negative values 

indicate less hydrogen than the standard, 6D-903' If there is a greatly 

different C-P ratio, a snail effect nay be due to this. Colunn 1+ is cal­

culated directly fronc!>\on the assujkptlon that the atom ratio is of the 

fom ^0500^ao00-^)^^^-

The remaining c o l u n n ^ i s t other s ignif icant ana ly t ica l con­

s tan ts for the o i l s , Colussns 5 an̂ L 6 l i s t the specific refract ion and 
(2) 

the relative fluorescence of the oils as detemined by SAM Division 

(2) D-Rl+0, Burger, L, L., "Rapid Determination of Ifydrogen," l*/9/̂ 5« 
- 12 -
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III. Column 6 gives the ̂  H by weight obtained by Dr» McBee+t pyrolytic 

method. Values followed by p were reported by Purdue and tJiose followed 

by d by duPont using the Purdue apparatus. Samples of the other oils 

tested were sent to duFont but the results were not available here at 

this writing. 

For the measurement of most of the samples a standardized 

technique has been used and a single calibration curve has been found to 

be suitable. The following values have been determined for these condi­

tions: 

Egt » O.1I+92 cm^/gm 

^CHg = ^'80 cm^/gm 

/" 1389 R 

For the value ̂ ^^^ 80 whuh is the order of magnitude of most 

of the liquid phase samples, the ^low neutron transmission of the sample 

is less than half that for the standard. The changes observed were thus 

changes of a factor of 2 or 3 rather than a few per cent. For^-TY^ ^^ 

(average for the vapor phase production) the effect is about 10^. 

In Figure 2 the density is plotted against the value of the 

H content from these measurements. Figures 3 a^^ ̂  similarly plot the 

specific refractivity and fluorescence as functions of the H content. 

These curves are given for comparison, A more complete description of 

this work is given in reference 2. 

- 1 3 -
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DISCUSSION 

Data on viscosity, vapor pressure, and HgO content were ob­

tained fron The Eellex Corporation Laboratories for a number of the 

samples. Plots of these fuantities vs. H content showed no correlar-

tlon, however, and were discontinued. The O-616 residue test likewise 

showed no correlation. Actual residue tests show .^0.001 gn. TÎ ,̂ per 

gm. of oil whereas the value, for o C r HO, would" be 1.6 gn. TI^ per 

gm. of oil for a coirplete reaction. 

Fron Figure 2 it can be seen that, for oils produced by a 

standard process, density is a fairly reliable indication of the H content. 

Those oils manufactured by the vapor phase method have a sonewhat higher 

density as well as consistently lower vrlues for the H content. To show 

the magnitude of the density cha:ae= to be expected fron sinple consid­

erations a calculation was nade sssuning a sinple nixture of (lOOO •sCT^) 

nolecules of (CFg)^ tov^^ nolf-iules of (CHg)!!. The separate densities 

are taken as 2,05 gn/ca and O.SO ga/cn^, respectively. The dotted line 

gives the predicted slope which agrees reasonably well with the effective 

slope of the points. The extrene disagreenent between the standard, 

GD-903» and the retreated sanple, JHIi-B2, indicates the degree to which 

materials receiving widely different treatments with about the sane H 

content can vary in density. 

In Figure 3 specific refraction is plotted against H content. 

Theoretically this should give good correlation and it is seen that the 

points in this plot cone closest to falling along a straight line. The 

dashed lines are theoretical lines showing the agreenent of the neasured 

- 11+ -
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and predicted slopes. The results for the vapor phase oils fall nearly 

into line in this plot. JHIr-M, JHL-N and JHL-A2 appear to have allow 

specific refraction. This might be explained by the presence of HF which 

was detected in these samples but not measured quantitatively. 

The per cent H by weight determined by McBee's method agrees 

in most cases with our values. In general our values are slightly high'=j) 

for those samples containing large amounts of H and slightly lower for 

material of low H content. On the basis of the assigned error, the 

agreement is within the experimental error for ll+ of 23 samples for 

which we have data. The time required for analysis of a sample by the 

neutron method is of course very nuch less. 

dm 

- 1 5 -
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TABLE OF RESULTS AND COMPARISMS 

* Sample 

o«d (GD--902 
(GD-903 1 

Ijot 3-l,Druiii 
q 

ftD-127l+ L 1 
Lot 13 L j 

22 L 1 
30 V 
39 I. I 
i+2 L 
1+1+ V 
1+5 L 
1+7 L 

1 1+9 L 
50 L 
51 L 

; s td GD-903 
i Lot 3I+ V 
1 *+3 V 

1+6 V 
60 V 
68 V 
72 L 
71+ L 
7 5 1 

1 76 L 
! 77 L 
; 78 L 
! 79 L 

80 L 
81 V 

1 82 V 
• 83 L 

81+ L 
85 L 

' 86 L 
1 89 V 
i 90 V 

91 V 
i 92 V 
1 CD 1335 L 
i 1336 
! 1337 
; OHL-M L 
'• JHL-N L 
1 -••HL-A2 L 
j JHL-B2 L 
' JHL-C2 V 
i 

Density 
25°C.1 

2.075 

1.838 

I.98O 
1.970 
1.970 
2.050' 
1.971* 1 
1.985 
2.0I+5 
1.965 
1.963 
1.999 
1.987 
1.988 
2.077 
2.0I+7 
2,ol+7 
2.038 
2.037 
2.0I+1 
1.977 
1.971 
1.97^ 
i.Slk 
1.983 
1.983 
1.973 
1.965 
2.0I+O 

1 2,031 
1.96I+ 
1.961 
1.965 
1.968 
2.039 
2.0I+I 
2.01+1 
2.0I+6 
1.97^ 
2.002 
2.002 
1.969 
1.977 
1.995 
2.02? 
2.054 

^ 1 
'H + F 

0.00 

5 ± » + 
5 5 + 6 
66 4 6 ! 
8f.+ 6 
5.5 4 3 
82 i 6 
57 £ 6 
513 

85 £ 6 
81+T6 
1*3 £ 6 
6 2 4 6 
6 0 T 6 

0,00 
1+ 
6,1 

2I+ 
23 
18 
80 

101 
88 
81+ 

1 69 
67 

1 9^ 
97 

i 1 1 
21+ 

10l+ 
109 
99 
91 

8 
10 
12 
7 

90 
33 
32 
95 
1^ 
hi 

J\ 
1 -3 

-r¥-n 
by Wt, 

0.00 

0.020 

0.23 
0.28 
0.35 
0.022 
0.35 
O.2I+ 
0.02 
0.36 
0,36 
0.18 
0,26 
0,25 
0,00 
0.016 
0.025 
0.10 
0.10 
0.075 
0,3^ 
0.1+1+ 
0.38 
0.36 
0.29 
0.28 
OC^l 
0.1+2 
O.0I+6 

: 0.10 
1 0,1+5 

0.1+8 
0,1+3 
0.39 
0,032 
0,0l+2 
0,050 
0,030 
0,3? 
0,14 
0.13 
0.1+1 
0.33 
0.20 

-O.OII+ 
-0.012 

Specific 1 
Refraction j 

— 1 
**** i 
**** 1 

0.1062 
,1016 
.1061 
.IOI+5 
.1018 
.1065 
.1066 
.1033 
.1049 
.101+8 

0.1025 
.1019 1 
.1019 ' 
.1028 
,1032 
,1025 
.1057 
.1079 
.1059 

i - 1 0 ^ 
, 101+7 

I .10I+7 
,1078 
.1075 
,1022 
.1021+ 
.1078 
,1078 
,1071 
.1069 
.1020 
.1021 
.1022 
.1018 
.1061 
,1030 
.1032 
,1062 
.1053 
.1030 
.1001 
.1010 

Fluorescence f 
Let 1+7 - 100 

1 

"̂  1 
— } 
86 
27.5 
93 
72 
38 
98 

100 
52.5 
65 
69 
1 

27 
60 1 
1+6 
65 
•+3.5 
95 

1 112 
1 93 

92 
80 
57 

112 
112 

^ 
^5 

113 
121+ 
125 
125 
— 
— 
— 
— 
93.5 
39 
29.5 
?9 
kl 
13.5 
3 
1 
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Analysis ' 

j . 
1 
t 

* 
1 

1 

( 
1 

0.21 i 
! 

.315 ! 

.052 i 

.35 
.22 I 
.OU j 
.36 1 
.36 i 
.18 1 
.25 
.25 
— 1 

0.0I+ d I 
0.08 d ! 

0.11 d, 0.10 d 1 
1 

1 
i 

— 1 
1 
I 

0.26 d j 
— ; 

0.38 d ! 
0,065 a ! 
0.07 d i 
0.39 <i 1 
— 
— 
"" 

1 """ 
— 
— 

1 
j 

0.15 
0.12 ! 
0,31* d 1 
0.23 d 1 

1 — 1 1 — 
1 "̂  Ji 
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