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ABSTRACT 

Thiamin synthesized from radiosulfur 535 was injected 

intramuscularly in two series of experiments, using a human subject 

on a normal and a Bi-free diet. Determinations of the free Bi (by 

the thiochrome method) in the urine, the radiosulfur in the inorganic, 

ethereal, and neutral fractions of the urine, and the total radio­

sulfur in the feces were made. Rapid destruction of injected thismin 

was indicated in both experiments by the appearance of rad.iosulfur 

in the inorganic fraction of the urine. Rapid interaction of the . 

injected material with that pre-existing in the tissues was indicated 

by the appearance of free thismin in the urine, without corresponding 

active sulfur. Additional destruction of thiamin was indicated by 

an excess of the neutral radiosulfur activity over the free B1 after 

the injections were stopped. After 36 days of the Bi-free diet the 

injection of 8 mg. over a period of 3 days resulted in the excretion 

of 0.8 mg. of pre-existing thiamin. On the normal diet the injection 

of 63 mg. over a period of 4 days resulted in the excretion of 16 mg. 

of pre-existing thiamin. 



I. INTRODUCTION 

The function of thiamin in the biochemistry of the various 

life processes is becoming increasingly clear, and its behavior in 

the carbohydrate metabolism is being studied in considerable detail. 

One of the important problems which is not necessarily connected 

with the function of the vita.min itself is the question of what 

happens to thiamin in the human body, a s contrasted with what it 

does. By definition a vitamin is a substance which must be provided 

in the food, and usually cannot be synthesized in the body; the fact 

that it mu.st be supplied indice.tes that there are processes which 

result in its removal as an effective part of the biochemical proc­

esses. This r emoval is most likely to be the result of either or 

both of two separate kinds of process: (1) the direct excretion of 

essentially unchanged thiamin or ( Z) the alteration or destruction 

of this.min. 

The evidence that the excretion process takes place to a 

considerable extent is quite clear, but only a fr action of the intake 

can be accounted for in this way. The literature on the thiamin 

excretion of normal human subjects might be summarized as follows: 

With five subjects Jollifee (1) found that from 7-28~ (with an 

average of 15~ ) of the total ingested thiamin appears in the urine, 

the total intake ranging from 470-4300 micrograms. The avers~e 24-

hour urinary excre tion of 500 micr ograms for the control diets, which 
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were fairly high in thiamin content (3 mg.), are in keeping with 

the values reported by others for "normal" diets of unknown vitamin 
. . 

content, where urinary excretions ranging from 30-500 micrograms 

per day have been observed (2, 3, 4, 5, 6, 7). The fecal excretion 

on such normal diets seems to be about 180 micrograms (6), amounting 

to about another l~; the total recovery is thus about 25% of the 

intake. 

Most of the experimental work has been concerned with 

testing for ":S1 saturation" or identifying clinical deficiencies, 

and consequently is concerned with the excretion of extra added 

this.min above the normal or average amounts. The urinary excretion 

of orally added thiamin ranges from 5-35%. the general average being 

about 18% (2, 3, 6); the fecal recovery is of the same order of 

magnitude (6). With parenterally administered extra thiamin the 

urinary excretion is about the same (7, 8). 

In general, then, at least half of the thiamin intake is 

not excreted as such under any normal conditions. It seems unlikely 

that there exists any slow or rate-limiting process in the attain-

ment of equilibrium with respect to the excretion of free thiamin 

in these experiments; certainly equilibrium would have been reached 

in the "normal diet" cases. In the work where large added amounts 
. . 

of thiamin were given, the experimental periods continued for as 

long as a month, and these facts, together with the fact that clinical 

symptoms of beri-beri can be produced fairly rapidly (1) seem to 

rule out completely the possibility of any large special storage 

of the vitamin other than that normally in the various tissues. 
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Only in the rat has a more complete investigation been 

made (9, 10). The total storage of this.min in the various tissues 

was determined after the rats had been on diets containing various 

amounts of thiamin for long periods, and it was found that the total 

reservee on an "average" adequate diet amounted to about 35 Inter-
. 

national Unite, which could be increased to 75 I.U. on high-vitamin-

content diets. At least 80% of the extra amount appeared in the 

liver and muscle tissue. No increase in reserves beyond this limit 

was obtained with a two hundred fold increase in the intake. The 

excretion of thiamin during experimental periods of about 10 weeks, 

at intake levels ranging from 0-704 I.U. per day, and the total 

stores were also determined. An intake level of about 7 r.u. per 

day was required to maintain the initial normal reserve of 35 I.U. 

The relation between intake and excretion indicated that for an 

intake greater than 7 I. u. per day the urinary excretion is very 

nearly a linear function of the intake up to an apparent limit of 

100 I.U. per dayf the fecal excretion is a linear function of intake 

above this limit. Considering only the high-intake range, the total 

excretion was almost exactly 94% of the intake, which indicates 

that some flf, of the total intake is unaccounted for. In view of 

the lack of any increase of body reserves on such high-intake diets, 

the unaccounted-for 6i must have been altered or destroyed in some 

manner. That the destruction process exists at all levels of intake 

in the rat is indicated most clearly by the data on the reserves: 

The average daily loss of thiamin from the normal reserve of 35 

I.U. was computed from the difference between the total available 

(total intake + initial total reserve) and the total amount accounted 
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for (total output + final total reserve at the end of the exper­

imental period). A destruction of 1.5 I.U. per d~ was found for 

a thiamin-free diet, with an increase up to 50 I.U. per day on the 

diets containing very large quantities of thiamin. 

The particular focus of the work described below is an 

examination in more detail of these general basic facts as applied 

to human metabolism; the problem is one ideally suited to the use 

of radioactive-tracer techniques, since it would be possible to 

determine the over-all behavior as well as any destruction or deg­

radation processes. The main points of the research are covered 

by the published vork, Part II of this thesisf Part III contains 

the details of the experimental work itself, and Part IV some other 

contributions which were an outgrowth of the study. 



II. SUMMJRY AND CONCLUSIONS 

Repriatcd from tbe Proceediap ol the N•nOWAL Ac:UllllY °" 5c:u10c:.9t 
Vol. 21!, No. fl,~. '1:.J.-418. Juae, 1~. 

TIJE COURSE OF TH/AMIN METABOLISM IN MAN AS 
INDICATED BY THE USE OF RADIOACTIVE SULFUR•.t 

BY HENRY BORSOOK, EDWIN R. BUCHMAN, JOHN B. HATCHER, DON M. 
YosT AND EDWIN McMILLAN 

CALIFORNIA ]N:ITITOTll OF l'BCBNOLOGY, PA~ADKNA, CA.UP., .AND RADIATION 

LATIOltATOltY, UNIVERSITY OP CALIPOlt.NIA, B&RULBY, CALIP. 

Communkatcd April 23, UNO 

Wht>n supplementary thiamin (Vitamin Bi) is ingested or injttted, the 
amount which appears in the urine during the succeeding twenty-four hours 
usually increases, but the total additional excretion always falls short of 
the supplement, even when tht· \·itamin is inje1.:ted and there can be no 
question of incomplete absorption. Wc have sought information on this 
unaccounted-for moiety by synthesizing thiamin from sulfur which con­
tains the radioac:tivc isotope S" (designated as B1 *) and by following, after 
injection of the B 1*, the excretion of the radiosulfur (S*) in the urine and 
feres and the exl·retion of total free B 1 in the urine. 

Radiosulfur was prepared by bombarding elementary sulfur with 7.5 
MEV. deuterons, and thiamin bromide hydrohromide eontaining S" was 
synthesized from the bombardt>d sulfur.1 

The half-life of radiosulfur is about SS days and it emits negative elee­
trnns with a maximum cnt-rgy of 0.107 MEV.' This long half-life makes 
t'xtended obst·rvations possihlr; some samples showed measurable activ­
ity l~ months aftt'r the radiosulfur had been prepared. 

The radioactive vitamin was injected intramuscularly in two series of 
experiments ; in the first serie::s the suhjcct, a voung man in good health, 
was on a vitamin B 1-fret: diet for 3f\ days prior to the first injections and 
for tht: 15 days of the experimental period; in the St·cond series the same 
subji:ct was on a normal diet. Essentially the same results ~re obtained 
in both series. 

Free (unphosphorylated) vitamin B1 was determined in the urine by a 
modification CJf the thiochromc mt'lhod. The urinary sulfur compounds 
were fractionatt:d into the inorgank· sulfate, ethereal sulfate and neutral 
sulfur components, thr sulfur of eat·h compont:nt was converted into 
elementary sulfur,i and the radioactivity of the sulfur was then mfasured 
quantitatfrely by comparison with a standard sample of the same radio­
sulfur. In the feces only the total radiosulfur was determined. 

The radioactivity measun•meuts were made with open, coincidence 
Geiger counters. The sulfidc:-coated copper counter tubes and the ~mples 
were enclosed iu a large partially evacuated bell jar, provided with an 
ex~nally operated arrangement for moving the samples successively to a 
definite position in front of the counters. The standard Rossi coincidence 
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circuit was used in the amplifiers; these had time constants of 3 X 10 - 4 

seconds. It was possible to measure samples as weak as 3% of the back­
ground by making very long runs. 

Sqiaratc t"~p<'rimtnts showed that B1 • added to uri~ does not exchange 
its ra<liogulfm wilh the iuorgani1: or ethereal sulfur l'umpounds; the s• 
was quautit.atin•ly Tt'COVl·red from tht· neutral sulfur fraction. 

Figure l shows the daily excretion of radiosulfur (all forms) in the urine 
and feces after a daily intramuscular injection of 16 mg. of B1 • for four 
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The daily rcrnvcry of 1adiosuHur (l'akulat"<I as mg. of vitamin 8 1) after 
intramuscular injection of a,•; normal diet . 

days, while the subject was on the normal diet. Six days after the last 
injection a total of ti I% of the injected radiosulfur had been recovered from 
the urine and 11 % from the feces; 283 of the injected material remained 
unaccounted for. It is clear from the low and diminishing excretion in the 
feces that the urine is the major excretory medium of parenterally ad­
ministered B1 and its decomposition products. 

Figure 2 shows the daily excretion of free thiamin in mg. and of the 
· radiosulfur present in the neutral sulfur fraction expressed in terms of mg. 
of B1 •. If only pure B1 • ii present in urine these two should be the same; 
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414 CHEMISTRY: H. BORSOOK, /1.T AL. PROC. N . A. S . 

consequently the excess of thiamin over radiosulfur shown in the figure 
indicates excretion of thiamin already present in the body. Since the total 
amount of B1 in the blood in this case could hardly have exceeded l mg.• 
the excess of 7.5 mg. of non-radioactive vitamin in the urine nn the first day 
of the injections must ha\'e come from the tissues. This indicates that the 
injected vitamin interacts very rapidly with that prehisting in the tissues. 

Although the whole of the neutral radiosulfur in the urine during the in­
jection period shown in the figures may have bttn vitamin n •. this is im-
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muSC'ular injection of B, • ; normal dirt. Th .. radios11lfur huq l.Jl'l'n ealc-ulall'd in terms 
of mg. of vitamin n •. 

probable in view of the findings on the later days. The difference bt·tween 
the total free B1 and the total neutral radiosulfur is certainly the minimum 
amount of preexisting vitamin which was displaced from the tissues. 

During the six days following the tt-rmination of the radiothiamin in­
jections the neutral radiosulfur in the urine exc..-eded the tbiamin excre­
tion . The difference between the neutral radiosulfur and the frc~ B1 siµfur 

· is the minimum amount of neutral sulfur-containing decomposition prod­
ucts of the thiamin which was excreted. The continued excretion of radio-
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sulfur is evidence that tissue thiamin is continuously undergoing destruc­
tion at a rapid rate. 

The9C features were shown even more clearly in the series of experiments 
when the subject was on the Bi-free diet and 2.7 mg. of B1 • were injected 
daily from the 37th to 46th days, inclusive, of the B1-free diet (Fig. 3). 
Tbiamin excretion in the urine increased immediately, but no radiosulfur 
was detected in the urine for the first two days (less than 20 -y) . The entire 
increment in the urine came from preexisting thiamin in the tissues which 
was displaced by the injected material, again indicating that injected B1 
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The daily excretion of neutral radiosulfur and free thiamio in the urine after intra­
rnW1Cular injection of 8 1 •; Bi-free diet. The radi01Ulfur has been calculated in 
terms of mg. of vitamin B, . 

rapidly enters the tissues from the blood. Since no thiamin was detectable · 
in the urine for 30 days prior to the injections, the total quantity in the 
blood must have been less than 0.2 mg. For a short time at least after the 
injection of 2.7 mg., the ratio of radiothiamin to normal thiamin in the 
blood was probably greater than l. If the excreted vitamin is an "over­
tlow" moiety excreted before it enters the tissues, it should have been ac­
companied by a corresponding radiosulfur activity, but this was not found 
to be the cue. The injected thiam1n, therefore, must have entered the 
tissues very rapidly and interacted with the considerable quantities of 
thiamin already present. 
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Table 1 is a !Umtnary of some of the data illustrating this feature of 
thiamin metabolism. It is interesting that any free thiamin was displaced 
from the tissues of a subject who had bttn for :l6 days on a B1-free diet. 

TABLE I 

Tm D1!IPLACBKKl'rr o• PastJUITING TmAMIN no11 TRJI T1ssUBs !IV AtmrnONAL 
1'HtAKJN INJKCTKD INTIUKUSCUl..AllY 

lltHlllUM. AMOUNT 
OfJBCTION AN'D OP' PaalXISTl•O 

sxca•TION TlllAllllN LNJ•CT81> TJllAMlN sxca•T•D 
OlKT PBRIOD (DAH) ( WO.) (wo.) 

B 1-Free 3 8 0.8 
Normal 16 7.5 
Normal 4 . 64 16 .0 

The neutral sulfur and thiamin data in the two experiments are sum­
marized in figure 4 which shows the difference between the thiamin and 
the neutral radiosulfur excretion. During the injection period the deficit of 
neutral radiosulfur indicates the minimum amount of preexisting vitamin 
displaced from the tissues; the excess of neutral radiosulfur found in the 
urine after stopping the injections represents destroyed vitamin. · 

Figure 5 summarizrs the urinary exc-retion of radiosulfur as inorganic 
sulfate; the radioactive sulfur appeared in this form in small quantities 
on the eecond day of the injections, and increased to considerable amounts 
by the end of the experiment, which is proof of the destruction of the in­
jected vitamin and oxidation of the thiazole ring. The so,• from tbis 
oxidation mixes with the large amount of SO, in the body;~ the excretion 
of the radiosulfur is therefore delayed. The oxidation of the thia7.ole ring 
was therefore probably much more extensive than is indicated by the 
amount of SO,• in the urine in the first few days after beginning the in· 
jections. 

The amounts of radiosulfur found as ethereal sulfate were in most 
cases very close to the experimental error of the radioactivity measure­
ments; only a very small fraction of the radiosulfur appears in this form, 
and it m~y have arisen from exchange with the inorganic sulfate. 

The extensive destruction of B1 in the body is indicated in table 2. 

Bi-Free 
Normal 

TAB!.I~ 2 

D11!T11t.UCT10M OP Im11t.AMUSCULAJtJ..Y lMJRCTl!o TmAlltN 

TOT AL t&COV•av 
OP S• FROM flt• 

(3 l)p TOTAL INJ8CTRO) 

uauca 

Jl 

PIM• CtcMT O• tKC'UV'WRAD 5• 
I N 1118 lftlS K WlllCft 

ltKPR&!tKPfn OS!ITROYah V!TAMIN 

AA Nntr raAt. Al 1woao.unc 
S COMl'UUN~ aut.PATIC 

21 
18 

21 
25 

TOTAL 

Summary.-l. There is a rapid interaction of injected B1 with that 
preaen t in the blood and tissues. 
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2. The displacement of preexisting thiamin by injected thiamin demon­
strates that a significant amount of the vitamin remains in the tissues even 
after 36 days of a Bi-free diet ; larger quantities are present under normal 
nutritional conditions. This docs not imply that tbr amount retained 
after a prolonged Bi-free diet is an adequate protective amount of this · 
vitamin. 

3. The rnetabolism (interchange and destruction) of vitamin Bi is rapid 
and thus resembles that of the main metabolites- protei11, fat and carbo­
hydrate. 

4. The rapid destruction of thiamin yields in the urine neutral sulfur 
compounds and inorganic sulfate. 

5. The lo5ses incurred by excretion and destruction are inevitable in the 
maintenance of a physiologically adequate concentration of thiamin and 
cocarboxylase in the blood and tissues. 

•This work was aided by grant s from the National Rcsear('h Council, the Research 
Corporation . the Hixon Fund and the Globe Mills Fund (California lnSLitute of Teco­
nology) . 

I This papu was presented al the meeting of the American Socit'ty of Biological 
Chemists in N ew Orleans, March 14- 16, 1940. 

1 Cf. E. R . Buchman, JO'Ur. Am. Chem. Soc., 58, 1803 (1 936); J. K. Cline, R. R . 
Williams and J. Finkelstein, //>id., 59, 1052 (1937). 

1 W. F. Libby and D. D. Lee, Phys. Ret1., 55, 245 {1939) 
1 R. A. Cooley, Don M . Yost and Edwin McMillan, J our. Am. Chem. Soc. , 61, 2970 

(1930) . 
'Robe.rt Goodhart and H . M . Sinclair, Jour. Biol. Chem ., 132, 11 (194D). 
•Henry Borsook, Geoffrey Keighley, Don M . Yost and Edwin McMillan, Science. 

86, 525 (1937). 
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III. EXPERIMENTAL DETAILS 

A. Thiochrome Assay in Urine 

The determination of free thiamin in the urine samples 

was made by a procedure based on the general method developed by 

Jansen (11), Westenbrink (12), and Hennessey and Cerecedo (13). 

Thie method was first used at the California Institute by Jlric 

Heegard and was modified for this work to make it adaptable to 

small samples, so that most of the urine could be used for the 

radioactive determinations. The use of pure thiochrome standards 

was made possible by the kindness of Dr. Id.ward Matzgar, who 

provided a portion of a sample of pure crystalline thiochrome 

obtained from Merck and Company. The final process used was a.a 

follower 

O.l-2.0 ml. of urine (containing about l microgram of B1 ) 

was diluted to 200 ml. in a small flask, end the pH we.a brought to 

4.1 by adding 5 ml. of a concentrated acetate buffer. About l g. 

of commercial Decalso, a synthetic zeolite (supplied by the local 

~ents of the Permutit Company) which had bettn ground to 50-100 

mesh end ignited, was next ad.dedt the flask was shaken and allowed 

to stand for 30 minutes with occasional shaking. The zeolite was 

then filtered out, using a small Buchner funnel and very little 

suction at first, with precautions to shake the flask and pour the 

mixture slowly so that the zeolite built up its o'trlll filter bed on 

the paper. It we.s next washed and dried with small amounts of ethyl 
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alcohol and ethyl ether and could then be quantitatively removed 

from the filter paper with the aid of a small brush. 

The zeoli te we.a weighed and divided into aliquots (usu­

ally four or more), which were placed in small (l6x125mm.) thick­

walled Pyrex test tubes. 2 ml. of 25~ KCl was then added to each 

tube, and the tube was briefly shaken. Next 1 ml. of CH3 0H vas 

added to each tube; then to one tube l ml. of water (for a blank) 

and to the remaining tubes varying quantities of O.l~ K3Fe(CN) 8 

solution and water to bring the total volume added to 1 ml~ in 

each case. For l microgram of thiamin the quantity of ferricyanide 

was about 0.08 1111., the usual procedure being to add 0.06, 0.08, 

and 0.10 ml. if working in this range. 

The quantity of ferricyanide required for particular 

amounts of thiamin was found to be critical, end an apparent change 

was noted in the ferricyanide solution on standing for 2 or 3 days. 

For these reasons that it was not possible to standardize on one 

quantity of ferricyanide, end it was necessary to provide sufficient 

aliquots to make certain that the maximum fluorescence vas obtained 

from the particular absorption. It was not necessary to restrict 

the sample to l microgram of thiaminf this was the minimum for which 

any degree of accuracy was obtained. The relation between ferri• 

cyanide and thiamin was not, apparently, linear. (This may be a 

function of other reducing constituents in the sample.) Up to the 

amounts required for maximum fluorescence,however, small changes 

in the quantity produced sizable variations, and a tenfold excess 

decreased the thiochrome by only about l0-2o;t. 
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After the addition of ferricyanide and water 1 ml. of 

3(),t NaOH and 5 ml. of isobutyl alcohol were added to each tube, 

nnd the tubes were shaken vigorously to mix the contents thoroughly. 

For this purpose it was found convenient to grind the tops of the 

test tubes flat and hold a small flat ground plate over the top for 

the shaking process. With care a completely lea.kproof seal was 

made, and the loss of solution was kept to a minimum by eliding the 

plate off again with a wiping motion; ground stoppers of the usual 

type resulted in larger losses of solution, and rubber stoppers 

must of course be avoided, since they contain large quantities of 

fluorescent extractable materials. The tubes were then centrifuged 

briefly to separate the two lEey'ers, and the isobutyl alcohol was 

drawn off with a small dropper or pipet. Another 5 ml. portion of 

isobutyl alcohol was added, shaken, centrifuged, and drawn off. 

It was found that 95% of the thiochrome from the usual urine samples 

was extractable in this way. and most determinations used this per­

centage as a factor; in special cases more extractions. to recover 

l~. were made, but there seemed to be no particular advantage. 

Provided the exact volumes were maintained so that the total volume 

of the extracted alcohol did not vary, it was unnecessary to determine 

the exact volume of extract in each case when dilution was necessary 

to bring the fluorescence within range of the standards. 

The isobutyl extract of thiochrome was placed in thin-walled 

Pyrex test tubes, and the concentration was determined by simple 

visual comparison of the fluorescence with that of standards made 

up from known quantities of pure thiochrome in isobutyl alcohol in 
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identical sealed tubes. The set of standards contained 20 tubes, 

with concentrations of 0, 0.005, 0.010, 0.015, 0.020, 0.021, 0.022, 

0.023, 0.024, 0.025, 0.026, 0.027, 0.028, 0.029, 0.030, 0.032, 

0.034, 0.036, 0.038, and o.o4o microgram/ml. It was not possible 

to distinguish between any two tubes in the range of 0.020-0.040 

more than 5~ of the time, but in general nearly every analysis 

sample could be identified with some particular tube and only 

occasionally with two of standards, suggesting that the over-all 

precision was about 7%. If the fluorescence was greater than the 

0.040 sample, the isobutyl alcohol was diluted to bring it within 

the range. The standards below 0.020 were seldom used except in 

determining a very weak blank, where the low precision was unimo­

portant. 

The use of pure thiochrome .made these high dilution stand­

ards possible; standards of quinine or other fluorescence substances 

could be used only at concentrations of the order of ten to twent y 

times these standards, and the color differences were always annoying. 

Good dark adaption of the eyes was necessary for the comparisons, 

which were made in a photographic darkroom. The assay tubes and 

standards were viewed in a simple box arranged to illuminate the 

tubes a t an angle of 45° with light from a 2-watt ar gon glow lamp; 

the incident light was filtered through a Corning HR Red Ultra glass 

f'il ter. 

l~ recovery of added thiamin was obtained under the 

conditions of the assay over a wide range of added amounts. The 

materials contributing to the blanks from the urine sample amounted 

to 0.2-0.4 microgram/ml., estimated as B1 ; since the final result 
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involved the difference of the blank from the sample, the over-all 

accuracy can be estimated as ranging from 15~ for urine concen­

trations of 0.2 microgram/ml. down to about 8~ for the higher 

concentrations involved in much of the work. 

B. Sulfur Analysis and Separation 

In line with the objective of determining as much as 

possible of the over-all behavior in the experiments, it was believed 

that the form in which any radiosulfur might be excreted would be 

of importR.nce. The Benedict-Folin (14, 15, 16) fractionation was 

adopted as representing a reasonable separation into groups and was 

studied until a method following this general procedure applicable 

to large quantities of urine vas devised. The final procedure was 

as follows: 

Inorganic sulfatea The whole urine (less any small samples 

for thiochrome analysis, etc.) vas diluted to twice its volume and 

made O.l N. in HCl; over a period of hours, without stirring, l M. 

BaC18 vas added very slowly through a fine capillary extending below 

the surf ace of the liquid. The solution was then stirred, and the 

precipitate allowed to settle. The entire supernatant was filtered 

through Whatman 144 filter paper in a small Hirsch funnel with t he 

aid of gentle suction; the precipitate was transferred to the filter 

paper; and after thorough washing with cold water (and with dioxane 

if there seemed to be any appreciable quantities of pigments remaining 

in the filter paper) the BaS04 and filter paper were ignited a t 850 °c 

in an electric muff le furnace. 

Ethereal sulfate: The filtrate from the inorganic fraction 

-16-



I 

was evaporated to about one-tenth the original volume on a hot 

plate at a temperature low enough to prevent undue bumping and 

yet maintain vigorous boiling. It was diluted to twice its volume 

and boiled; the precipitate was then filtered from the hot solution, 

washed with boiling water (and dioxane if necessery), and ignited 

as above. 

Neutral sulfur: The filtrate from the ethereal sulfate 

precipitate wa s nAarly neutrali zed, and Benedict reagent was addedt 

the solution was evapora ted to about 100 ml., transferred to a 

casserole, a.nd slowly ta.ken to dryness. The casserole was then 

i gnited to a dull red heat on the hot plate. The residue was t a.ken 

up in concentrated HCl, boiled, and diluted to about 300 ml.; the 

BaSO, was again filtered from the hot solution, as in the case of 

the ethereal fraction, and ignited. 

Feces: Only total sulfur was determined for the feces, 

the total excretion being ta.ken to dryness with modified Benedict 

reagent (16) and ignited as usual. BaCl2 was added to the boiling 

diluted HCl solution of the residue, and the BaSO, filtered off 

as in the urine neutral-sulfur analyses. 

Check analyses were made on a sample of normal urine until 

consistent results were obtained and the limits of varia tion of 

the various conditions established. Table 3 indica tes the results 

of some preliminary check analyses. 
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Table 3 

Milligrams of BaS04 Recovered from Urine with 

and Without Added Sulfur Containing Compounds 

100 ml. 100 ml. urme + 
Sample sulfur 100 ml. urine 10 ml. sulfur 

solution1 solution1 

Analysis No. S-1 A-l B-2 D-l E-l F-1 G-1 

Fraction: 
Inorganic 392. 2 382.8 384. 8 420.4 

Ethereal 51. 5 41. 7 47. 4 50. 4 

Inorganic + 
443.7 424.5 426. 7 432. 2 430.8 470 . 8 478.9 ethereal 

Neutral 75. 6 68 .3 64. o 64.4 7s.9 78.l 

Total 519.3 495.0 496.2 495.2 549.7 557.0 
1 The s t andard sulfur solution consisted of sodium sulfate, d-cam­
phor sulfonic acid , and cystine, we i ghed out to provide 391. 2, 51. 8 , 
and 76. 6 mg. of BaS04 f or the inorganic, ethereal , and neutral 
sulfur fractions, respectively , per 100 ml. 

As can be seen f rom the re sults with the standard solu-

tion, the method is capable of high precision; the considerable 

diff iculty of getting 11 clean 11 precipita tes without resorting to 

enormous volumes is probably t he main reason for the di sagreements 

of about l~ in over-all recovery. Although high results ar e to -e 

attributed to gener~l contamination of the wei f,hed BaS04 precip-

itates, the l ater conversion of BaS04 to elementary sulfur for the 

radioactive determinations removes possible contamination of the 

sample s ~ thus the only error would be the quantitative error of 

the fractionation and recovery . It was believed t hat less than 

0. 2'% of the total sulf ur of the urine escaped recovery and that 

the fr actionation was satisfactory within± cf, . the major error 

be i ng ether eal sulfate that woul d appear in either the inorganic 
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or neutral fraction. The errors of the radioactive determinations 

are of course much greater, as will be seen in Section E, below. 

O. Preparation of Samples for Counting 

For the preparation of the actual sample to be counted 

for radioactivity, it had been proposed to metathesize the BaS04 

to Li3 S04 , since this material would permit a greater amount of 

activity per unit area of the sample, and it was believed that there 

would be lees absorption from the 11 thiwn ton than from the barium ion 

(17). A procedure for this process had been worked out under the 

direction of Dr. Yost, as follows: 

A 250-m.g. sample of the BaS04 was weighed out and placed 

together with 25 ml. of 0.2 N: Li3 C03 in a 125-ml. conical flask 

equipped with a small reflux condenser. The mixture was boiled 

vigorously for about 4 hours, cooled, filtered, and washed with 

10 ml. of water. The precipitate was washed back into the original 

flask, and the metathesis repeated twice. All of the filtrates 

and washings were combined, evaporated to about 15 ml., and washed 

with 10-15 ml. of hot water. The filtrate was ma.de just acid with 

cone. HN03 and evaporated to dryness in a small vial. The residue 

was extracted with two 15-20 ml. portions of absolute ethyl alcohol; 

the alcohol was evaporated, and the Li3 S04 dried at 150°0 for 2 hours. 

The use of this procedure for a few samples demonstrated 

that it was very time-consuming and required constant attention; 

other ways of preparing sample material were then considered. The 

use of elementary sulfur would offer the best possible counting 

efficiency, and the reduction of the sulfate to sulfide, with reox-
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idation to sulfur, seemed an obvious possibility. The reduction 

of the sulfate with hydrogen was found to be very simple; the 

BaS04 samples were heated in silica (or platinum) boats in a sili ca 

combust i on tube while passing in a slow stream of hydrogen. The 

e~tent of the reduction was determined by the weight loss. No 

appreciable reduction was found after 3 hours at 600-700°0, but 1 

hour at 900-1000°0 gave the theoretical weight loss for lC>O,t con­

version to BaS; if the BaS04 fused, incomplete reduction occurred. 

The oxidation process was accomplished by decomposing the 

BaS with HCl, and sweeping the H2 S into a KI 3 solution. In the 

first samples handled by this method the recovery of sulfur was 

as low as l{},t, chiefly because of mechanical losses, but considerable 

experimentation resulted in the development of the following 

procedure: 

The flask containing the amorphous sulfur and iodine 

solution was heated below the boiling point for about 1 hour to 

coagulate the sulfur; finally the sulfur was filtered out on filter 

paper and the flask end precipitate washed thoroughly with hot water 

to remove most of the iodine end salts. The filter paper was replaced 

in the flask, 30 ml. of water added, and the neck was covered with 

clean parchment paper. The flask was autoclaved at 15 psig for about 

10 minutes, by which time all of the sulfur was converted to the 

rhombic form. The filter paper was pulped and washed onto a sintered­

glass filter, the flask and precipitate being washed thoroughly to 

remove any l ast traces of salts. The sulfur was then washed out of 

the flask and filter paper through the filter with liberal quantities 

of CS2 , with suction to aid in the washing process and evaporate the 
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filtrate. The sulfur in CS2 was finally transferred to a weighed 

5-ml. beaker and precipitated in extremely fine crystals by adding 

ether to the nearly saturated solution in CS3 ; the ether and CS3 

were evaporated and the sulfur finally weighed. That there was no 

exchange of sulfur with the sulfur of CS2 was demonstrated by 

Cooley (17). 

The samples were made into "infinitely thick" films, 

containing at least 14 mg./sq.om. of area to provide for a constant 

self-absorption. The proper area was calculated from the weight 

of the sulfur, and l mg./sq.om. of cellulose nitrate in amyl acetate 

was added to sulfur. Amyl acetate was added to form a thick suspen­

sion, and the mixture was poured out on a small piece of 0.001-inoh­

thiok aluminum foil out to the proper area.. The beaker was washed 

with additional amyl acetate if necessary: the suspension on the 

foil was stirred to distribute the sulfur uniformly, and the solvent 

allowed to evaporate. The use of the foil out to the proper size 

provided a clean edge for the sample; the surface tension of the 

solvent prevented it from running over. The process produced. films 

which were very uniform right to the edges. The thin foil was 

mounted on other strips for convenience in handling. 

D. Counting Techniques 

All of the counting equipment for this work was constructed 

by Dr. Frank Oppenheimer, under the direction of Dr. D. M. Yost, 

and incorpora ted two departures from the usual counting techniques. 

One innova tion was the use of a counter which is open to 

the sample, with a single enclosure of both the sample and counter to 
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contain the discharge atmosphere. This arrangement provides that 

the maximum amount of radiation from the sample actually reaches 

the counter ; and is of particular value for counting the extremely 

weak ~ particles from S35 which would be stopped by any but the 

very thinnest counter envelope. 

The second departure is t he use of the coincidence method, 

which ha,s been frequently used in cosmic-ra,y work and other special­

ized applica tions to select the direction or time of the radiation 

being counted in various ways. The coincidence method is based on 

the fact that the registering circuits for two (or more) counters 

can be coupled so tha t only those counts that Are "simultaneous" 

are registered. With fast, high-resolution counters, the number 

of spurious or "accidental" coincidence counts is very low; yet 

any radia tion which passes through both counters will be registered. 

The method offers the possibility of a very low background count 

with resulting increase in precision per unit time, and the elaborate 

equipment was constructed to take advantage of this f act. The 

counters and equipment were unfortunately not useful for coincidence 

counting ; the first attempts at measurements indicated this fact . 

As a result it was of considerable interest to analyze in some detail 

the general requirements of a coincidence system, since such an 

analysis was not available. 

1. General analysis of counting methods. In its simplest 

sense a radioactive determination involves the time rate of a series 

of random events which are susceptible of statistical analysis (18), 

and the actual experimental result can be reported with an indication 

of the precision based on simple sta tistics. The ml'.nner of reporting 
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this precision is relatively unimportant, since all measures of 

precision are interrelated, but it should be clearly defined. In 

this work the probable error was chosen; i.e., it is the error which 

will be exceeded on the average only 5ot of the time. It is con­

venient to note tha t twice the probable error will be exceeded only 

4.6% of the time. 

Whether the coincidence method is of pr actical use in the 

counting of routine samples of radioactive material depends on a 

number of considera tions. Thus any radioactive determination is 

ultimately dependent on the reliability and stability of the equi p­

ment used and the competence of the operators, but if it be assumed 

that all factors such as these are at a high level of reliability, 

the eventual result of any determination will have a counting error 

which is dependent only upon the sta tistical variation of the actual 

counts; this error can obviously be reduced to any desired value 

merely by counting long enough. On this basis the somewha t more 

complex equipment required for coincidence counting can be justified 

only on the basis of the f act that it offers the possibility of 

obtaining a smaller error in a shorter time than by counting with 

a single counter. To make a more precise statement of this it is 

necessary to do some algebra. 

In most cases the numerical result of a particular radi o­

active determination is expressed simply in terms of the counts for 

some particular time interval, e. g., t seconds. The probable error 

of this measurement would then be given by PE = 0.6745 ..Jn, the 

counting actually being carried out for t seconds and n counts being 

observed. Suppose the count were made for some T number of t unit 
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periods. Then N = nT counts would have been observed, and the 

probable error for the counts per t unit would be 0.6745 -Jn/T. 

In the general ca se the background of the particular counter must 

be t aken into considera tion; there are then two counts, and the 

desired quantity is their difference. The number of counts due 

to the sample, which is defined as c = n - b, where n is the number 

of counts per unit t period observed when the sample is being counted, 

and b the counts with all other conditions identical except that the 

sample is not present. By the usual methods of error combination 

it can be written that PE = 0.6745(n/T + b/Tb)Y2 , T being the c n n 

number of time units the sample has been counted and Tb the number 

of time units the background has been counted. The total time 

T = Tn + Tb which has been required for all of the counting can be 

minimized by appropriate adjustment of the ratio Tn/Tb; for any 

fixed time T it is possible to choose this ratio so a s to give the 

smallest value to the error of the counts of the sample. By 

substituting Tb 

ential equal to 

= T - T , differentiating , and setting the differ­
n 

zero it is found that Tn/Tb = (n/b )Y2 is the 

condition for which PE will be a minimum. If this criterion for 
c 

the most efficient use of counting time is substituted in the usual 

error expression, there is obtained PE = 0.6745 (n¥2 + by2 )/TY2 • 
c 

Since in the usual case the interest is not so much in the absolute 

value of the error as in its value relative to the actual number 

of counts, it is convenient to define a 11fractional error 11 as 

f = e/x, where the error e ma,y be whatever measure of the dispersion 
x 

is being used, and x is the quantity. Taking the 11fractional probable 
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error 11 = f = PE /c, we have at once: 
c 

(1) 

It is now possible to specify the criterion for the use 

of coincidence counting more precisely: the coincidence method can 

be justified only if f < f , where these are the fractional errors 
c s 

of the coincidence and single count, respectively, for the same total 

time T. The analysis can be extended to include the geometry of the 

counting arrangement fairly readily by considering an arrangement 

of two cylindrical counters in a two-dimensional case, neglecting 

any end effects. Any coincidence method requires two counters, and 

the same particles must be counted by both; in making an analysis 

of the method it is convenient to consider the first of the two counters 

as representing a single-counter system and to contrast the errors 

involved in using this counter alone with the errors involved in the 

coincidence counts from the pair. 

The error using this first single counter alone will depend 

on the number of particles from the sample passing through it and 

its efficiency for the particular radiation; it is obviously desirable 

to make this counter as large as possible and put the sample as close 

to it as practical. Now in the ideal case all of the counts from 

the sample registering in the first counter will also r egister in 

the second; in such an ideal case the coincidence method would certainly 

be justified, as can be seen from Eq. (1). The fractional error will 

be decreased by any decrease in background, and the sample counts c 

are identical; certa inly there must be some (at least one particle!) 

of the background radiation counted by the single counter which do 
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not produce a coincidence count. But this ideal case cannot exist. 

The first counter was made as large as possible; for all of the 

radiation from the sample which has entered the first also to enter 

the second requires that the second counter be larger. 

To sum up, there must be, for one reason or another, less 

coincidence counts than single counts in the first counter. To 

permit a general treatment, let a= c /c , or the ratio of coincidence 
c 8 

counts to single counts for some particular arrangementf the maximum 

value for a will be fixed by the geometry involved. Also let 

~ - c /b and ~ = c /b , where the subscripts refer to the c - c c' s a s 

coincidence or single counts, respectively. Equation (1) may now 

be written f = 0.6745 (1 + -J1+~ )/~c T~ and similarly for f c c c c 8 

with the appropriate subscripts. After some rearrangement the 

requirement of the criterion that 

1 + -J1 + ~ _____ c_< 
.Jcc~c 

f ( f can be written 
c s 

1 +.Jl + ~ 
8 (2) 

and if R = b /b , this expression can be eventually transformed to c s 

2.JB. < a<1 + ..J1+~ ) - ~ I c1 + -J1+~ ) <3) 
S B B 

as the relation between R, a, and ~ that must hold for the error 
8 

of the coincidence counts to be less than tha t of the single counts 

(for the same length of total time of counting) with t he background 

and sample count ti~es apportioned for the most efficient use of 

the total time in each case. 

Olearly a limiting value for R is zero (the background 

of the coincidence counts can hardly be less than zero), and the 

maxinru.m va lue for R is of course l, representing the unlikely event 

that the coincidence arrangement does not decrease the bac~round 
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counts per unit time at all. It might be noted that when ~ is s 

very much less than 1 (the case for extremely weak samples), the 

expression reduces to R<a3 • The na ture of the relationship between 

the three parameters is most clearly seen with the a id of Fig. 6, 

where a and ~ are plotted for a series of selected R values. In 
B 

interpreting this figure, it should be noted that, for a sample of 

given activity which has then a particular value of ~ or number 
8 

of counts in relation to the background of the single counter, 

and for a particular geometry of the coincidence arrangement given 

by a, the values of R are the limiting maximum values for which the 

coincidence arrangement might be useful. If this particular coin~ 

cidence arrangement does not reduce the background below the 

indica ted R value, it is less efficient than counting with the 

first (or single) counter alone. 

Figure 6 also discloses most clearly another interesting 

point. Even if the coincidence method should reduce the background 

counts to 0, there are still severe limitations on the permissible 

values of a. Thus even for a very strong sample (e. g., with~ = 100), s 

a must be greater than 0.82; for a weak sample, with~ = 1 (e.g., 
B 

the counts from the sample are just equal to the usual background 

of the single counter), a still must be greater than 0.18 (e.g., 

at least l~ of the particles detected by first single counter must 

also register in the coincidence counter). 

It should not be difficult to construct a satisfactory 

coincidence system for use with weak samples, and in the counting 

of many routine samples such a system might off er a considerable 

saving in time. The ratio of the times involved in counting to the 
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ea.me fractional error will of course be T /T = R/a3 , when~ and c 8 8 

~ are small in comparison with 1. For such samples, if the coin-
o 

cidence system reduced the background to 1/20 (R = 0.05), which 

should be possible with fast counters, and if the geometry is 1/3 

(a= 1/3), which should be possible with high efficiency counters, 

then T /T = o.45. The time required with such a coincidence system 
c s 

would less than half of that when a single counter is used. 

2. Counters. The two counters were made of copper, l 

inch in diameter and 4 inch long, and were coa ted with sulfide by 

dipping in a solution of sodium sulfide. Later it was found tha t 

·(mr~) 3S made by Swift 1 s method (19) was apparently much better than 

the usual sodium sulfide solutions. The first counter had two axial 

slits, 3/8 inch wide, along the front and back; the second counter 

had such a slit along the front only. The back slit of the first 

counter was covered with two thicknesses of 0.3-mil-thick aluminum 

foil to stop photoelectric propagation between the counters. The 

two counters were mounted, with the sample fixed in front of them, 

under a large bell jar which could be evacuated and filled with a 

30% alcohol and air mixture to a total pressure of 50 mm. of Hg. 

These counters did net have very flat pla teaus, and r eproducible 

results from one filling to another were impossible; accordingly 

a simple belt arrangement on which the samples were mounted was 

constructed. It could be operated from outside the bell jar, and 

hence different samples, or the background with no sample, could 

be counted under identical conditions. Figure 7 is a sketch of the 

bell jar containing the arrangement which was used through the 

course of the work. 
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The geometry of the coincidence arrangement is shown in 

Fig. 8. In the preparation of the samples it was considered bes t 

to utilize all of t he avai l able material and pr epar e the samples 

of different size. The width of t he samples was usually about 

9 mm., and t he length was varied to provide t he proper area for 

the desired density of 14 mg./sq.cm. The varia tions of course 

make for slight differences between various samples but can readily 

be corrected for, and all t he measurements were, in the final cal-

cula tions, converted to point-sourc~ values. The effect of the 

area variations was treat ed as fol lows: 

Referring to Fig. 9, we consider the two-dimensional case 

of a counter 2a long , with a sample 2k long, with the center of the 

sample at the center of t he counter. At any point x, measured from 

the center line, only a fraction f of the particles can enter the 
x 

counter, even though particles ar e being emitted in all directions. 

This fraction in the horizontal plane will be of course (A + B )/n, x x 

where n is t he average number per unit time , and the angles A and 

B are measured from the point x. The average fraction from the 

i _ rk 
center line to the end of t he sample will be nk.J~ (Ax+Bx)dx, which 

0 
can be written in terms of the distances a, x, and d and finally 

integrated to give as the average fraction Fk 

F = .!... (a+k) tan- 1 (a+k) - (a-k) tan-1 (a-k) - ~ ln d
2
+(a+k)

3 

k nk d d 2 da+(a-k)a 

It is now possible to t ake the r atio of thi s average fraction to 

the fraction for a zero-length sample and obta in a lel)€th factor 

L, which ie the number by which the observed counts must be multiplied 
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to give the number of counts which would have been obtained if t he 

sample had been of zero l~ngth. A similar treatment was made for 

variations in sample width. Tables 4 and 5 give these f actors for 

various lengths and widths for which the calculations were made on 

the basis of the counter geometry of Fig. 8. The factors used in 

t he calculations were taken from graphs of the data in these t ables. 

Table 4 

Horizontal Fraction of the Total Radia tion Reaching the Counters 

Fraction reaching Len1?.:th f actors 
Sample length Singles Coincidence L L 

counter counter S c mm. 

0 0.8145 o.4296 1.0000 1.0000 
4 0.814o o.4295 1.0006 1.0002 

10 0.8136 o.4289 1.0012 1.0017 
20 0.8110 o.4270 1.0041 l.0061 
40 0.7993 o.4196 1.0190 l.0241 
60 0.7740 o.4o76 1.0523 1.0540 
70 0.7526 o.4001 1.0824 1.0737 
80 0.7229 o.391g 1.1266 i.0954 

Table 5 

Vertical Fraction of t he Total Radiation Reaching the Counter s 

Fraction reaching Width factors 
Sample width Singl es Coincidence w w 

counter counter S c 
mm. 

0 0.2399 0.06030 1.0000 1.0000 
2.5 0.2393 0.06028 1.0028 1.0002 
4.5 o.237g 1.0092 
8.0 0. 2325 0.06016 l.0318 1.0023 
9.0 0.2316 0.06014 1.0362 1.0027 
9. 5 0.2307 0.06012 l. 04o2 1.0029 

It is to be noted tha t the geometry of the coincidence 

sys tem can be directly obtained from the fractions of these tables 

for e:n.y particular sample, but it is clear that the fractions do 
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not vary particularly with sample size. Thus for a zero - size 

sample, a= o.4296 x 0.06030/0.8145 x 0.2399 = 0.132, and for the 

larges t sample used, a= o.391g x 0.06012/0.7229 x 0.2307 = 0.141. 

Referring to Fig. 6. it can be seen tha t for a geometry with 

a= 0.14, even if the coincidence background were reduced to zero 

(R = O). this coincidence system would be less efficient than 

using the first single count for any sample except those with 

~ = 0.7, i.e., those so weak that the total counts were only s 

about 70f> of the singles background. The actual experimental fact 

was that for the system as originally devised R was greater than 

0.1; therefore this coincidence system, as constructed, was less 

efficient for~ sample of~ activity than was the use of the 

first single counter alone. 

3. Electronic equipment. The electronic equipment 

initially included six amplifiers, each with a 57 tube in a Neher-

Harper quench circuit. followed by appropriate amplification, pulse 

clipping. a Rossi coincidence circuit; and the usual output 

amplification. Each amplifier could count either the single counts 

of the particular counter tube to which it was connected or the 

coincidence counts between this particular counter and any other 

connected to the coincidence circuit. Four scale- of-eight counting 

and recording units were provided, together with a power supply for 

the amplifier and a high-voltage supply for the counters. 

In the early stages of the r esearch t he eccentricities 

of this equipment r a ther seriously interfered with the experimental 

work. It was found necessary to select particular samples from 

among those prepared and t o concentrate on counting them; by the 
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time these were counted, the remaining samples were so weak that 

they could not be counted; only a fortunate choice of samples 

provided the essential information, During this period the equip­

ment operated satisfactorily about 25% of the time; this low 

efficiency was primarily a result of marginal design, with failure 

of inadequate components and poor soldering as contributing factors. 

Most of the effort was concentrated on simple repair and replacement 

as a result of failure during this time, with the emphasis on count­

ing as many samples as possible. From time to time there were 

serious discrepancies between the single and coincidence-counting 

results far beyond any statistical variation; in cases such as this 

the results were discarded and the counting was repeated. The fact 

that there were more amplifiers and scaling units than were actually 

re quired a t any one time was a help, since a spare was sometimes 

available when serious trouble occurred. However, it was also a 

handicap , since the temptation to record the same counts simulta­

neously on two different recorders was very strong; when the two 

recorders gave different result s , it was necessary to discard both 

results, since there was no way of de termining which was correct. 

E, Results 

l. Calculations. In the determina tion of radiosulfur 

all of the measurements involve the comparison of the activity 

(as determined from the counting rate) of some particular sample 

with the activity of a standard prepared from and containing a 

known amount of the same r adioac tive thiamin. Consequently the 

results can be directly expressed in terms of the micrograms of 
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thiamin. It wa s necessary to multiply the observed activities by 

the appropriate L and W f a.ctors in order to convert all samples 

to a standard zero-length, zero-width basis, and it was found con­

venient to include a lso t he F and T factors . Very few of the samples 

r epre sented all of the theoretical sulfur of either the original 

material or t he BaS04 precipitate from which it wa s derived, and 

this fr action was denoted by F, the r a tio of the total sulfur 

(from the original material) in the sample to the theor etical 

sulfur of the original material involved. In some cases the 

samples were made utilizing all of the avail able sulfur and were 

grea t er than 14 mg./sq.cm. thick. Since less than 0.1i of the 

radiation from below the top 14 mg. could reach the counters, the 

contribution of this mat erial to the observed counts was considered 

negligible, and the T f actor was defined as the thickness ( in 

mg./sq.cm.) of the ac tual sample divided by 14. Thus the final 

expression used was y1 = (y2 /LaW2T2 ) (L1W1 T1 /F1 )Ra, where R~ is t he 

ratio of the counts above background for the sample 1 to the count s 

above background for t he s t andard 2, and y1 gives the micrograms 

of thiamin in the original material 1 for the s t andard sample 2 

containing y2 microgr ams of thiamin. 

2. Standard sampl es . Some six standard samples were 

pr epared from the original r adio-B1 solution for use in the counting 

work. The first two wer e pr epar ed without any added carrier ma.t erial, 

and the BaS04 obtai ned w2s me t a thesized to Li2 S04 • Consider able 

diff iculties were encountered, and these samples did not agree wi t h 

each other. Only a few of the excretion samples were metathesized 

to Li2 S04 and compared with the first of these samples (S- 1). 
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This struidard was l ater calibrated by comµari son with the better 

standard.a, and this calibr ation was used for the calculation of 

the five excretion samples of the Li 2 S04 type that had been measured 

against it. One of these Li2 S04 excretion samples was l ater 

converted to el ement ary sulfur and aeain counted against an 

elementar y sulfur standard ; the agreement with the Li3 S04 value 

(based on the calibrat ed S-1 standard) was within the experimental 

error. 

In all of t he remaining four standards inert carrier 

was added ; in two ca ses a fr actiona tion was carried out to de­

termine whether any of the r adiosulfur in ac tive thiamin could 

appear in t he inorganic or e thereal fr actions as a result of 

exchange . The analyti cal detai l s of t hese sampl es and the details 

of their intercomparison ar e given in Tables 6 and 7. No evidence 

of exchange was detected , and the agreement between the standards 

was excell ent. 
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Table 7 

Intercompari son of Standards 

Ratios of 
Samples Compared Singles 

S-4n/S-6 0.917 ± 0 . 0147 
s-5/s-6 0 . 819 ± 0 . 046 
S-3n/S-4n 0.315 ± o . 01a 
S-2/S-l 0 .103 ± 0 . 00 
S-l/S-3 8.5 t o.g 
S-3i1/S-l 0 . 0006 ± 0.0008 
S-3ii/S-3 
S-4i S-3 - 0 .0175 ± 0 . 0085 
S-4e/S-3 0 .0207 ± 0 . 005 

activities 
Coincidences 

1.125 ± 0.05 
0 . 805 ;l; 0.1~ 
o.412 a;. 0.0 
0.091 t 0 . 008 

0 . 0004 t 0 .002 
0.0085 ;I; 0 .06 
0 . 0207 ± 0. 0054 

- 0 . 0586 t 0 . 027 

3. Data obtained . The counting process consisted of 

placing a series of samples and a s t andard on the pl a t e carrier in 

the bell j ar , leaving at least one ~late blank for a background , 

and alternately counting the background , sample, and standard 

until enough counts had been obtained to assure the desired 

precision. The samples and background were alterna t ed over vari ous 

short-neriod times, and the se short-ueriod counts were checked f or 

normal sta ti s tical behavior; any series in which there were serious 

discrepancies (and there were many at first) were discarded and t he 

samples rerun, It was eventually possible to count for 3 or 4 days 

without any drift in the background or a t mos t with a slow linear 

change with time . In the latter case appropria te weighted averages 

of the short-period counts were t aken, but in many cases the entire 

series of counts could merely be total ed. Table 8 contains the 

analytical da t a for two typical samples, and Table 9, the counting 

data for these two samples. Tables 10 And 11 contain the complete 

final summary of all samples measured, a s well as the thiochrome 

assay va lues. 
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Table 8 

Analyt ical Dat a f or Two Typical Samples~ B1 -Free Die t 

Sampl e No. 1 

Fract ion of t ot al urine t aken 

BaS04 recovered, mg . 

Sulfur to sample, mg. 

Fractional content = F 

Sample width, mm. 

Sample length, mm. 

Singles factor = L W T/F s s 

Coincidence factor = L W T/F c c 

Singl es: Activity/S-1 

activi ty/S-3 

B1 content, micrograms 

Coincidences~ activi t y/S-1 

activity/ S-3 

B1 content, micrograms 

Average of singles nnd 
coincidences, micrograms 

l-17i 

0.981 

1885 .7 

108 . 5 

o.413 

9.5 

77. 5 

2.65 

2. 56 

0.0120 ± 0.0004 

218 ± 7 

0.0052 ± o. oo4s 

37 ± 31 

192 .:i: 6 

l-12n 

0.990 

474.4 

33.1 

0. 509 

9.0 

26 .3 

2.04 

l. 99 

b.279 ± 0.014 

463 ± 24 

0.269 ± 0.032 

446 ± 53 

461 ± 22 

1 Sampl e numbers repr esent the date (month and day) with a 
lower case i, e, or n t o i ndicate the inorganic, ethereal, 
or neutral urine fractions, respectively , and a capital F 
for t he total sulfur from feces. Table 10 and Fig. 10 
show t hese two sampl es in r el ation to t he other data. 
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Table 10 

Da t a from Bi-Free Di et Experi ment 

All quantities in microgrruns of thiamin 

Urinary Excre tion 

Date Injected Free B1 Radioactive sulfur 
(thiochrome In9rganic Ethereal Neutral assay ) 

12-1 Bi-free diet begun 

12-31 0 0 

1-2 0 0 

1-3 0 0 

1-4 2640 70 

1-5 2640 450 -143 ± 132 

1-6 2640 510 200 ± 93 390 ± 200 

1-7 2640 480 145 ± 42 850 ± 135 475 .% 

l-8 2640 

1-9 2640 350 -100 ± 431 

1-10 2640 330 -100 .% 431 

1-11 2640 625 ± 

l - 12 2640 85 ± 32 461 ± 

1-13 2640 390 40 ± 22 51 ± 7 352 .% 

1-14 0 90 

l-15 0 70 

l-16 0 36 - 117 ± 134 

1-17 0 0 192 ± 6 56 ± 7 -61 ± 

1 The urine for l-9 and 1-10 were combined. The numbers given 
for each day are half the quantity observed for the combined 
sample. The thiochrome assays were made before combi ning. 
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Table 11 

Data from Normal Diet Experiment 

All quantities in micrograms of thia.min 

Urinary Excretion Feces 
,...... 

~ Q) Radioactive sulfur Total ... s .., Pl 0 
Date 0 ~ 

CD Q) .t:: 
"J Q) 0 Inorganic Ethereal Neut ral s• 
i::: ~ 0 

t-t ix. -M 
.t:: .., 
....... 

7-10 0 350 

7-11 0 520 

7-14 0 400 

7-18 0 450 

7-19 15800 8900 950 ± 200 -90 ± 31 

7-20 15800 8700 755 ± 175 -62 ± 28 6160 ± 73 -284 ± 198 

7-21 15800 9400 154 ± 32 6240 ± 157 192 ± 28 

7-22 15800 11500 6640 ± 2761 774 ± 41 

7-23 0 1950 5710 ± 881 1500 ± 44 
7-24 0 520 -205 ± 210 1650 ± 96 1380 ± 80 

7-25 0 61 ± 13 1770 ± 95 174 ± 602 

7-26 0 480 400 ± 250 711 ± 115 2020 ± 25 
7-27 0 450 481 ± 48 

7-28 0 3690 ± 129 -390 ± 195 1110 ± 58 192 ± 20 

1The ethereal and neutral fractions were combined in the analysisr 
the gr aph Fig. 11 assumes this is all neutral sulfur. 
2 0nly a very small quantity of feces in this period; the graph 
Fig. 11 uses t he average of the excretion for 7-25 and 7-26 for 
each day . 
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4. Discussion. The essential features and conclusions 

from this research are fully covered in Part II, but there is one 

point of a more speculative nature which mi ght be noted. 

Only 84% of the total administered r adiosulfur was 

recovered in the normal-diet experiment: 10.6% in the feces and 

73.4% in the urine; 13.3~ as inorganic sulfate, 0. 6% as ethereal 

sulfa te, and 59.5% as neutral sulfur. The r ate of excretion by 

all four paths is decreasing from all except the inorganic sulfate, 

which rises as the experiment was discontinued in this as well as 

in the B1 -free diet experiment. This increase suggests that the 

remainder of the r adiosulfur would be excreted as inorganic sulfate 

within the next few days. 

The mechanism may be similar to tha t of the experiment 

(20) in which radioactive sulfur in the form of Na2 S04 was ingested. 

In this case only about half the radiosulfur appeared in the first 

day's urine and at rour hly a constant r ate; instead of a continuing 

Rnd decreasing excretion, as might be expected from simple dilution 

within the body, none could be detected within the next 2 days. 

A possible inference is that the r emainder of the ingested inorganic 

sulfate was "bound" in some manner and would eventually appear only 

after considerable delay, perhaps as the r esult of cat abolic 

processes. 

If this notion is applicable, then the inorganic sulfate 

portion of the excreted r adiosulfur in the thiamin experiments may 

represent only half of the actual amount which is produced a s a 

result of the destruction of the r adioactive thiamin. This possibility 
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leads to the conclusion tha t there exists within the body , a t the 

end of the experiments, another 13~ of the total ingested a.mount 

as inorganic sulfate; this amount, added to the total experimental 

recovery, accounts for 97i of the total injected; a recovery which 

is well within the experimental error. The rise in inorganic· sulfate 

excretion at the end of the experiments might well be the beginning 

of the excretion of this 11 bound11 material. 

It is interesting that the quant ity of inorganic sulfate 

appearing during and following the injections before the final 

increase is of the order of 4-5~ of the daily injected quantities 

in both cases, apparently independent of the body reserves. This 

result may be compared with the approxi mately 6~ destruction observed 

in t he r at (9, 10) at high-level intakes. 
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IV. MISCELLANEOUS CONTRIBUT I ONS 

The low activity of the sulfur samples which were measured 

in the course of this research was an obvious ma jor difficulty, and 

consider able thought was given to various solutions of this problem. 

The preparation of sulfur of grea ter specific activity would be one 

possibility, and one possibility considered was the construction 

of a Clusius diffusion column to make an enriched S34 sulfur sample 

for the cyclotron irradiation. No work was done on this problem 

beyond consideration of the preliminar y design of a 30-foot column 

to oper ate with H2 S and give a fivefold enrichment; the indications 

were that it would be relatively easy to set up and operate, and 

t he t ent ative calcula tions gave 2 months as the oper ating time to 

provide sufficient sulfur for an irradi ation sample similar to t he 

one which had been used. 

A. New Synthesis of the Vit amin B1 Thiazole 

When the details of the actual preparation of the thiamin 

from the sulfur were consider ed , it was believed that the synthesis 

itself offered consider able promise an a means of obtaining samples 

of higher specific activity, merely because such high dilutions had 

been used in preparing the sample used in this work. The scale of 

the synthesis carried out by Dr. Buchman 1 s students involved starting 

with l g . of sulfur, and the small bombardment sample was diluted 

to this amount before the synthesis was started. The method used , 

which involved the pr epar ation of the thiazole from thioformamide 
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(prepared from P2 S5 ), had produced an actual yield of only 8% based 

on the sulfur used. Thus it seemed clear that there might be 

possibilities of improvement in this particular synthesis by 

experimental work directed at obtaining high yields based on the 

sulfur r ather than on the other ingredients. The question as to 

whether there were any alternative syntheses of the thiazole portion 

of thiamin seemed also pertinent. 

An extensive literature search and much paper chemistry 

led to one alternative that was attractive because of its simplicity; 

it involved proceeding via the general steps S ~ H2 S ~ thiourea ~ 

amino-thiazole --.. thiazole. The key to this sequence was apparently 

the possibility of removal of the amino group; that it be diazotized 

and reduced was considered very unlikely in view of the previous 

work that had yielded almost no success using this type of reaction 

with a wide variety of amino-thiazoles. 

Accordingly some experimental work wa s undertaken to demon­

strate whether this particular synthesis would be feasible and 

deserving of further study. The first step, the conversion of the 

sulfur to H2 S, seemed to require only minor study to develop a 

simple apparatus and technique for handling the small quantities 

that would be involved with no loss, and it was omitted. The second 

step seemed simple enough end offered the possibility of high yields 

for the preparation of thiourea from H2 S, particularly in view of 

a procedure provided in a personal communication (21) which gave 

87% yields, based on cyanamide, and personal discussions suggesting 

that the yield based on sulfur should be equally as good if precau­

tions to conserve the H2 S were taken. The procedure as received is 
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recorded here: 

A mole of solid cya.namide was diluted with water to 
the point where t he dicyanamide pre sent as impurity was 
~ (17-27%). This solution was placed in tight (gas ) 
vessel which may be a 3-neck flask fitted wi t h a gas-
tight agitator, ther mometer and gas inlet tubes through 
rubber stoppers which have been wired down. 'l'he mixture 
wa s trea ted with H2 S under a positive pressure up to 
15 lbs. for 15 min. The pressure i s released and 0.55 
equivalent of aqueous 27'1i NH3 is added. The pr essure is 
re sumed and the mi xture heated to 4o° C f or three hours 
at constant pressur e. The conversion of cyanemide to 
thiourea was 9si . The pressure was released and the solu­
tion cooled to ?5° C and the first crop filtered off and 
washed with small amount of water (cold). These crys tals 
are 9g( ])Ure or better. The filtrate is neutralized with 
HCl acid and then a further quantity of HC l (9 cc./lOOcc ) 
solution Added.This solution was boiled for 15 min. to 
convert the dicyAilamide to soluble guany lurea hydrochloride. 
Neutralize with concentrated NH3 • The solution was va.cuum 
evaporated to l/ 3 its volume and cooled to 25° C to give 
the second crop which was s1i pure and after once recrys­
t allization f rom wat er was 9g~ pure or better. 

The yields were Sl~ for the first crop: 6.5( for the 
recrys t allized second crop; over all yield g7, 5~ ; m.p. 
175 (Dennis Melting Point Ba.r .) Side reactions: dicyan­
diamide and urea - small quantity - probably 2'f, of the 
cyanamide. Guanyl t hiourea - unlikel y - reaction of H2 S 
and dicy very slow. 

The experiment al work was begun a t the third step , f irst 

using CH3COCH2 Cl and thereby making 2-amino-4-methyl thiazole 

essentially as described in t he litera ture (22) but with modifica-

tions to obtain high yields based on the thiourea used. When trials 

of removing the amino group by diazotizing with NaN03 in HCl followed 

by r eduction wi th hynophosphorous acid seemed successful, l a ter 

a ttent i on was directed at t he vitamin thiazole i tself. 

Four batches of the thiamin t hiazole , 2-amino-4-methyl-

5-~-hydroxy-ethyl thiazole were pr epared from thi ourea end 

2-~entanone-chloro-aceto-propyl ether), which was provided 

-50-



through the courtesy of Dr. Buchman. The yield, based on thiourea, 

was improved on each trial, a s increasing excesses of the ether 

anhydride were used, and the l as t gave something greater than 

78~ , as follows: 

3.8 g . of thiourea dissolved in about 150 ml. of water 

was heated to boilin~ under a reflux condenser; 9 .52 g . of the 

ether was run in slowly from a separatory funnel and washed in 

with $bsolute EtOH. 12 ml. of concentra ted HCl was added , nnd 

the solution evaporated under a vacuum, dissolved in absolute 

EtOH, and finally evaporated to 80 ml. On the addition of 300 ml. 

of ethyl ether, 9.0l g. (representing the 78% yield) of the amino 

dihydrochloride separ ated out. On the basis of the other trials, 

another 5-10% should have been obtained by another crystal-

i zation. 

The removal of the amino group was quite successful and 

gave a yield of 31~ o~ the first trial. This work was confirmed 

and improved by others (23), and the details of the experiment 

have been published: 
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[Reprinted from the Journal of the American Chemical Society, 
... 466 (1947).] 

The Reduction of 2-Amino-4-methyl-5-~-hy­
droxyethylthiazole ~ the Synthesis of Thiamin 

BY J. B. HATCHER1 

In the course of studies involving the use of 
thiamin labelled with radioactive sulfur2 the low 
yields, as based on sulfur, of the usual synthesis 
resulted in samples of the vitamin very weak in 
radioactivity. It is felt desirable to record the 
preliminary work, discontinued at the beginning 
of the war, which indicated the feasibility of an 
alternative synthesis for the thiazole portion of 
the vitamin. The steps are 

CN2H1 (CH1COCHC1CH2CH20)20 
H2S - ---+ CS(NH2)2 ----------• 

N--CCHa 
II \I HN02 + HaPO, 

H2NC CCH2CH20H ---+ 

"-s/ 

Experimental 
The first step was not studied, but should offer no par­

ticular difficulties in obtaining high yields since there are 
no significant side reactions. The second step was found 
to give yields of 80% when an excess of the acetopropyl 
ether was slowly run into an aqueous solution of thiourea at 
100°. The third step is essentially new, since the litera­
ture records an impressive list of failures with this type 
reaction with various amino thiazoles. However, the first 
tria ls of the reaction step above gave good yields, e. g., 
31 %, as follows : 2 g. of the aminothiazole dihydrochloride 
was dissolved in about 15 ml. of 12 N hydrochloric acid 
in a 50-ml. Erlenmeyer flask and cooled to 0 ° by swirling 
in an ice-bath. An equivalent amount (4 .1 ml.) of 2 M 

(1) Present addreae: The Argonne National Laboratory, Chicago, 
lllinois. · 

(2) Buchman, Hatcher, Yost, and McMiiian, Proc. Noll. Acad. 
Sci .. H, 412 (1940). 

(1) 
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sodium nitrate solution was run in slowly drop by drop with 
vigorous shaking and swirling of the flask. Fifteen ml. of 
30-32% HaPOt was then added slowly, with the flask still 
in the ice-bath, and finally the mixture was allowed to 
warm to room temperature. It was then made alkaline 
with 6 N sodium hydroxide and diluted to about 1 liter, 
and extracted with five 10-ml. portions of ethyl ether. 
The ether extracts were combined, evaporated on a hot­
plate to about 10 ml. and transferred to a distilling flask . 
The remainder of the ether was removed under vacuum 
at room temperature, and the residue vacuum distilled at 
120-130° giving 0.38 g. of a colorless liquid. This liquid 
gave a picrate melting at 162° (uncor.) and the picrate 
gave no depression of the melting point when mixed with a 
sample of the picratc prepared from the pure thiamin thi­
awle prepared by the usual methods. 

On the basis of these results it was concluded that the 
proposed synthesis would offer considerable advantages in 
the preparation of vitamin B1 for the purposes, and that 
the removal of amino groups from thiazoles by diazotiza­
tion and reduction is by no means as difficult as the litera­
ture indicates. 
PASADENA, CALIFORNIA RBCBIVBD AUGUST 7, 1946 

The experimental work along these particular lines was 

discontinued at this point, since it was clear that a yield more 

than twice that of the previous synthesis had been obtained, and 

there remained possibilities for improvement. The yield for the 

four steps was taken to be 1.0, 0.9, 0.8, and 0.3, respectively, 

for an over-all yield of 0.21 as compared with the orieinal 0.08. 

B. Counting lquipment 

As it became increasingly clear that trouble-free 

operation of the counting equipment would result only from a major 

overhaul, the work was begun on a piecemeal basis and continued 

throughout the time while the last of the samples were being counted, 
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about a year and a half after the injections. The extra number of 

amplifiers and scaling units made it possible to continue the 

counting during this work, except for a period of 2 months when 

the power supplies were reworked. 

Since the ma jor annoyance seemed always to be with the 

scaling units, it was important to provide some means of checking 

these units independently of the actual counting. It was the general 

experience tha t two scaling circuits which were operated in parallel 

seldom gave the same counts. To settle this question of which, if 

either, was correct, a pulse generator was constructed. It deserves 

some comment, since it wa s a very valuable tool in trouble shooting 

and in the specific effort of establishing the limitations of the 

scaling units; it also permitted their eventual reconstruction so 

that two or more units gave the same number of counts. It had several 

fea tures not usually found in such units. 

The pulse generator provided an output of pa ired square­

wave pulses at a pair frequency ranging from 10 to 30,000 cycles/sec., 

with the time separ ation of the two pulses adjustable from 0 to twice 

the frequency; in addition both pulses were independently variable 

in sign, amplitude, and duration. The essential details are seen 

in Fig. 12, as follows: The ba sic fre quency of the pair is controlled 

by the oscillation fre quency of the f~rst 885 tube, this fre quency 

being variable with the a id of the series of condensers 5 and the 

variable resistor 4. The remaining two 885 tubes become conducting 

a t some point along the saw-tooth wave output of the basic oscillator, 

the point being controlled by the cathode-bias variable resistors 

-54-



' U
'1

 
IJ

l 
I 

l~
t~

~ 
1$

11
 

l '
11

0
1<

, 

I 
"1

 

IO
I<

 

p~
I(

 

.o
oo

 ..
 :r 

El
 Ys

M
 

.. ~
·
 

00
'-

.o
l 

~ ]
J
 

·0
0

1
,;

 
0

2
5

 
, 

·°
'*

1 
.0

1 
.0

0
0

2
 .. ·

 

r 
l 

· f')
" l

oo00
4 

r 
1

o
l<

 {
·
-
-

-
·-

·-
-

­

/b
f>

IJ
'<

 l-
-

l~()
OJ\ 

~ 
-
-
1

 

. 
·""I

 tT
 7

1
 

__
._

__
,-

¥.
~

-~•
IQ

),
? A

:-
::

! 
~)

~1
,.T

 
Y
~
~
~
 .;;

_-
.o

ao
oo

sli
l 

~
i 

-
lol

(~ 
1 

~ 

LI 
·~:K~
r 1

1 
i 

_ 

©
 
~ 

0 

®
n

C
0

 
~
 

~
 

0
) 

I I I 
(2

) 
®

®
 @

)0
'J

@
 
! ! 

b 
~
 

@
l 

r.i
:-
w

.r
oR

 ;:
. 

5
)_

: 
c
iu

 ... 
; 

I<.
: 

IC
<>

O
 I

\.
 

M
:
~
'
!
l
'
-

C'
!.f

"'
'

\.
 

.------
..~..-

-IM-.j
 -

-1
----

-+:=
-c

-0
=

-... 
_f

il
_, 
) 

ir"
")

• 
·-

-
--

--
~~

-y 
··-

:~
-(-

"~!
ltF

" 
I 

,,,
 

I 
• 

r'°"
f~

"' 
..f-
~

o 
. 

4.
~'

· 
,~F

r 
. 

t~
~~

 ~~
~~!

__l~
:~~

T~~
 

ql
~[ 

c. 
0

1
\i

b
fl

'i
 :r

 ...
 :,

 
/'I

i..
.. 

t
.
A
.
>
A
,
J
1
1
J
;
~
 

I'"
 r

t
~
O
.
 

~ r~
~~~

i~~ 
~:.~

;:~,
1~_ 
l_

_ 
--:; 

~ 
__

_
_ ] 

-
--

--

P
U

 L
S

f.
 

G
E

N
E

R
A

TO
R

. -
I 

11
7Z

b
fi

T
 

J/
o

 I
i A

C
 

P
L

V
(r

 
-..

...
.._

 
//

IM
P

 

@''~
-~~

I __
 :~~

-3
1
 



7 and 8. The output of these two tubes , if viewed simultaneously , 

r epresents a pair of pulses of t he basic frequency of t he first 

885 oscilla t or, which are separable as desired. The t wo pulses 

ar e then independently shaped, amplified, phased by t wo separ at e 

direct-c oupled circuits, each using a 6F8G and 6C8G tube, and 

finally combined in a common 6F6 output tube. The 6F8G tubes are 

in simpl e Eccles-Jordan trigger circuit s which provide for the 

squar e waves with the control of the duration through the condenser 

banks 9 and 10 and the variable r es i stors 11 and 12. The 6C8G tubes 

are direct-coupled amplifiers and inverters and provide pulses of 

oppos ite sign from t he t wo pl ates , with amplitude control of t he 

pulses. through the variable r esistors 13 and 14. The double-bank 

switch 15 provides for any combina tion of sign of the t wo pulses 

(+-, ++, -+ , or --) to the direct-coupled output tube, the 6F6, 

and attenuation of t he final output 18 is provided by the re sistor 

16, the bank of condensers and switch 17 permitting either direct-

coupled or condenser-coupled output. The direc t-coupled , zero-

signal output level is a t ground potential, t he pul ses being either 

above or below t his l evel as desired. The 913 oscilloscope tube 

was provided for a simpl e check of the pulse separation, with the 

appropri a te controls, and the ll7Z6GT ie interlocked with a 110-volt 

ac relay in such a manner as to provide a time delay of some 45-60 

seconds af t er t he fil ament power is on before t he pl a te voltage ie 

applied to t he 885 tubes. 

The power suppl y for t his unit (Fig. 12) is relatively 

s tra i ghtforward. The direc t coupling r equired a high degree of 

stability and was obtained only wi th the battery-s t andard regulation 
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circuit illustrated. 

Figure 14 indica t es e f ew of t he possible output wave 

shapes as observed with an oscillogr aph; i t should be r emembered 

tha t all of these can be revers ed in sign and amplitude over the 

r ange of pair frequency. It was extremely simpl e to check the 

f1 
Fig. 14 

scaling units by applying a typical pai red pulse similar to the 

first few samples in Fig. 14 and then to decrease the pair 

separation until the recorder counts decreased because of inability 

to resolve the pair. The data obtained in this way made it possible 

to r evi se the amplifier output circuits to provide for the beat 

pos sible resolution. 

' The final counting equipment is completely illustrat ed 

in Figs. 15 through 21 and i s briefly described to indica te some 

of t he more i mportant features. All of t he equipment was on a 

wheeled wooden t able about 24 by 40 inches. with a shelf beneath. 

Fl gure 15 indicates the na ture of the conduit and boxes built into 

t hi s t able to provide safe and convenient interconnection of the 

various units with each other and with the power supplies below on 

the shelf. Figure 16 indicates t he main power wiring , toge ther with 
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the simpl e tube and relay c ircuits that provided the time del ay so 

that high voltage was not applied to the pl ates of either the 886 

rectifiers in the high-voltage supply for t he counters or to the 

57 tubes in the counter quench circuits until after 45-60 seconds 

of filament warm-up of both sets of tubes. A lockout relay was 

provided in t he main power so tha t the equipment would not be 

restarted in the event of power failure in case it was unattended. 

The layout and wiring of the six quench-tube units are 

shown in Fig. 17. These units were separated from the main 

amplifiers and put close to the counter bell j ar, but otherwise 

no changes in the original desi gn were made . 

The six amplifiers were as shown in Fig. 18 and were 

r ather compl etely altered. Originally only four tubes were 

used; aft er initia l amplifi cation and pulse-hei ght clipping 

of t he quench-unit pulse, t he output was fed directly to a 

typical Ross i coincidence circuit with an output plug for 

connecting into this circuit whatever amplifiers were de s ired, 

t he remaining tubes providing output to count e ither the total 

pulses of the particular quench unit or the coincidence count 

of t wo or more units. The revision included the addition of 

the 6C8G tube which provided t wo pul se s 180° out of phase. 

The switching per mitted either of t hese pulses to be fed to the 

coincidence output socket , the remainder of t he amplifier re spond­

ing t o either the input counts of the amplifier or t he coincidence 

counts as desired. These 'Pll.lse s of onposite s i gn permit the 
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use of anti-coincidence counting , a brief preliminary study of 

which wa.s made as described below. 

The scaling circuits are indicated in Fig . 19 ; the main 

revision here included simple bal ancing and adjustment of the 

various circuit components in the individual units to achieve 

reproducible behavior, as checked with the pulse generator 

either directly or through the amplifiers. The inherent vari at ion 

of the thyratron t ype tubes and their long time constants seem 

to be an insurmountable difficulty with this type of scaling 

circuit. 

The high-voltage supply for the counters, shown in 

Fig . 20, was also r ebuilt ar ound a batt ery reference voltage 

stabilizing circuit. The plat eaus of the sulfide-coated counters 

in the alcohol-air gas were by no means a s fl a t as for the other 

usual types of Geiger counters, and varia tions in line voltage 

introduced considerable var i ation in t he background counting 

r ates with the original supply. Until this supply was constructed, 

a recording voltmeter was connected to the ac sup~ly, and any 

long-period counts during which there were serious voltage 

fluctua tions were discarded. The success of the bat tery reference 

regulation led to its use in the amplif ier power supply (Fig. 21), 

but it was probably not necessary for any but anti-coincidence 

work, where the stability of t he Rossi circuit parameters is 

f airly important. 
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C, Anti-Coincidence Counting Experiments 

In the counting of very weak samples the use of anti­

coincidence methods might prove particularly useful. For this 

reason the reworking of the amplifiers included the phase-shifting 

fea ture in order to permit an e~perimental examination of the 

f acts. The basic feA.ture of the method is the use of some number 

of counters which "surround" the single or coincidence sample­

counting arrangement; these counters, which the desired sample 

radia tion cannot rench, provide out-of-phase pulses to the 

coincidence circuit. The result is tha t the sample-counters 

register will not respond to any pulse which is simultaneous with 

one of the anti counters; since most of the radia tion which makes 

up the background of the sample counter is of high energy, it 

should discharge the anti counters and hence not be registered; 

depending of course on the eff ici ency of the counters and the 

geometry, the background might be substantially reduced. 

The general behavior of the circuits themselves was 

checked with some counters of the co smic-ray type obtained from 

Dr. Pickering. Three counters in a vertical arrangement with a 

weak source of radium directly above gave a triple-coincidence 

counting r ate of 215 ± 2; with the middle counter as an anti­

coincidence counter, the counting r ate dropued to 5 ± 0.3, indi­

cating the over-all efficiency of the amplifiers and counters to 

be of the order of 98~ for this radiation. 

One ear l y experiment indic at ed that the background rate 

of the first single counter used in the thi amin work could be 
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reduced from 134o to 480 counts ner 1000 seconds by six surrounding 

anti counters; other tests of the method with actual samples were 

made with slightly different counters. 

In one experiment a r adio sulfur sample was counted with 

a single counter surrounded by about six anti counters; the counting 

rates are shown in Table 12. 

Table 12 

Single counter 
Single with anti-coin-
counter cidences provided 
alone from surrounding 

counters 

Background 439 ± 5 181 ± 3.1 

Sample S-15 724 ± 5 435 ± 4 

S-15 - Background 285 ± 7 254 ± 5 

fr actional error .026 .020 

As can be seen from the data, the decrease in background 

of the single counter amounted to about 4og , with only an 11% 

decrease in the actual number of counts above background from the 

sample. This decrease is probably to be attributed to t he r a ther 

long time constants of these counters in the air-alcohol mixture; 

the anti pulses from so many anti counters produced sufficient 

accidental coincidences to decrease the counts by 11~ . The net 

increase in precisi on during a given time amounts to 23i . The 

analys is of Part II, Section D. 1 •• can be directly applied to 

this particular t ype of system if t he subsc r ipt c is repl aced by 

the subscript a , f or anti-coincidence counts. The f actor a is now 
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defined as c /c , and the factor R as b /b , both of which may be a s a s 

obtained from the data of Table 12. ~ = 254/ 285 = .89 ; R = 181/439 = 

.412, and hence'for a weak sample, wher e ~s is small in compar i son 

to 1, the ratio of t he counting t imes T /T = .52. This actual a s 

sys t em would r educe the counting time 48%. 

In another experiment, a combination of coincidence and 

anti-coincidences was tested; two counters arranged. f or coincidence 

counting were surrounded by a bank of six anti counters. For 

these counter s t he coincidence background of 21.5±0.5, without the 

anti counters, was r educed to 5±0.6 with the anti counters; in this 

arrangement the sampl e coincidence counts were no t r educed. The 

dat a are indica t ed i n Table 13; the net increase in pr ecision is 33~. 

Table 13 

Coincidence-counters counting r ate 

Without anti With anti 

Background 21.4 "'- .6 5 ± .3 

Sample S-12 36.7 ± .8 20.1 ± .6 

S-12 - Background 15.3 ± 1 15.1 ± .67 

Fractional error .066 .044 

It is clear that the anti-coincidence method offers 

consider able improvement over either singles counting or coincidence 

counting, but a direct experimental check of t he part icular system 

proposed would be r equired to establish whet her a singl es + anti 

syst em would be pr P.fer able to a r el atively similar coinci dence + anti 
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system. The utmost t hat could be expected of the anti-coincidence 

method would be to reduce t he background to very small values, but 

as wa s indica ted in the previous analysis in Part III Section D, 

such reduction is not alone a sufficient criterion; as indicated 

ther~ the loss in counts from the geome try of the coincidence system 

may reduce the precision below that obtainable with a s ingle counter. 
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