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T his paper describcs experimental comparison of the sensitivity of the NBS P2- 4 
ionization chamb.er an~ a replica of 'Wilson's Quantameter. The sensitivity ratios are used 
to compare calonmetnc measurements of total x-ray beam energy made at the NBS and in 
the USSR between 20 and 90 MeV. The agreement is within the co mbined errors but the 
source of an apparent 2 percent systematic difference has not been found . ' 

1. Introduction 

Several ionization chambers of various design have 
been calibrated in recent years to determin e the 
total energy transported by a high-energy x-ray 
beam [IV In general, these calibrations depend on 
ko , the maximum photon energy, and although 
there have been some dU'ect intercomparisons of 
different chambers when they have been calibrated 
in the same en ergy range, the task of interco mpari­
sons of the measurements of different laboratories 
is by no means complete. The purpose of this 
paper is to l'eport on compariso n meaSUl'ements 
made at the National Bureau of Standards between 
our standard chamber, P2- 4 [2] , and a Quantameter 
[3], a replica of the instrument which has been 
calorimetrically calibrated between 15 and 90 MeV 
by Komar, Kl'uglov, and Lopatin of the Academy of 
Sciences in the U .S.S.R. [4] . D espite the fact that 
the comparison was not dU'ect, in the sense that a 
replica Quantametel' was used, the profits have been 
severalfold. The agreement is a partial verification 
of the measurements of both laboratories, as well as 
of the energy dependence of these two chambers. 
Furthermore, the measurements of Komar, Kruglov, 
and Lopatin, when transferred to P2- 4, have con­
siderably redu ced the uncertainty in its calibration. 

2 . The Ionization Chambers 

Figure 1 is a schematic cross section of the Quan­
tameter, an instrument which sums the ionization 
produced in t welve air cavities between 1-cm-thick 
copper plates. It is not large enough to absorb all 
of the secondary electrons, but compensates for the 
few percent leaking out t he sides and back with 
peripheral au' cavities and an oversize cavity at the 

1 Figure~ in brackets indicate the literature references at the end of this paper. 
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rear. Th~ internal cavities are alternately 2 mm and 
1 mm thIck, so that the measured ionization is 
proportional to a Simpson's rule approximate 
mtegration of the total ionization produced in a 
semi-infinite copper . medium. The advantage of 
~hi~ design is that the chamber calibration (joules 
InCIdent per coulomb collected) should be almost 
i,:dependent of ko, since the ratio of cavity ioniza­
tIOn to locally absorbed energy is known to vary 
VelY slowly with photon energy. This is apparen tly 
qUIte true for ko greater than about 100 MeV, but 
the data presented below indicates that the Simpson 's 
rule approximation breaks down at lower ko . 

Figure 2 is a schematic cross section of P2- 4, a 
chamber which meaSlll'es ionization produced at a 
depth of 27 g/cm 2 in a medium of 2024 Dlll'al (nomi­
nally 93.4 % AI, 4.5 % Cu, 1.5% Mg, and 0.6 % Mn). 
Its design is based on the empu'ical fact t hat transi­
tion curves (cavity ionization as a fun ction of depth) 
in water for ko between 10 and 40 MeV exhibit a 
common crossover point when normalized to include 
unit area [5] , which implies that with proper selection 
of a front wall thickness it is possible to construct 
a chamber whose calibration is almost independent 
of ko over this energy range. Evidence presen ted 
below shows this to be true, although the calibration 
changes more rapidly with ko above about 100 M eV. 

3. Experimental Arrangement and Method 

Figure 3 is a schematic diagram of the apparatus 
used in the comparison measurements . X rays from 
the NBS 180 MeV synchTotron successively passed 
through the donut wall (4.1 g/cm 2 of Pyrex), a 0.3-in.­
diam. beam forming aperture in a 12-in. lead block, a 
4-in. lead baffle designed to stop stray secondary 
electrons and x rays without intercepting the main 
x-ray beam, an ionization chamber monitor (3.4 
g/cm2 of AI), and a second nonintercepting 4-in. lead 
baffle, befOl' tl bombarding either P2- 4 or the Quan­
tameter. These t wo chambers were alternately 



8 3cm - . 

I. l cm -

x - RAYS 

6 .Ocm -

6 m 

IO mm 
X' RAYS 

r\JV\J'-+ 

2 mm · 

r HIGH VOLTAGE 

ION COL L ECTOR 

QUA NTAMET ER 

:1 

1 

ISJ COPPER 

~ STA INL ESS STEEL 

• INSULATION 
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FIG U R E 3. Experimental arrangement for chamber 
intercomparisons . 
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Ionization collection sector of a Dural P 2 chamber. 

The quantameter was used both with the recom­
mended filling of 760 mm of argoN plus 40 mm of 
carbon dioxide [3J , and fill ed with air at atmospheric 
pressure. P2- 4 was always open to the atmosphere. 
The sensitiyities of the air-filled chambers wer e 
corrected to 20 °C, 760 mm. 

Ionization measurements were made for both the 
monitor and the comparison chamber with Townsend 
balance circuits, using polystyrene capacitors to col­
lect the charge, poten tiometers to supply and 
measure the bucking voltages, and vibrating r eed 
electrometers as null detectors. 
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4 . Results and Corrections 

The measured ratios of P~-4 sensitivity to Quan­
tameter sensit ivity are listed as a function of k o in 
table l. The replica Qu antameter had been con­
structed accordin g to Wilso n 's original design , but 
when it was assembled, t he air-cavity thicknesses 
were found to differ from t he design dimensions by 
0 .03 to 0.08 mm with an average of 0.055 111m. If 
all of the cavities had been too thick (or too thin) 
by 0.055 mm, t he measured sensitivity would have 
been in error by about 3.5 percent, bu t the Quan­
tameter design is su ch that dimension al errors tend 
to cancel, and cavities which are too thick alternate 
with cavities which are too thin. 

TABLE 1. Ratio oj P 2-l, sensitivity (20°C, 760 mm) to Quan­
tamete)' sensitivity with A + CO2 filling (20 0 e, 800 mm) and 

( ; with ail' fi lling (20 ° e, 760 mm) 

rUling 
ko 

A+ CO, Air 

J\lIe V L5 ______________ 3. 120 20 ______________ 1. 95 1 3.10(; 
25 _____ ____ _____ 1. 949 3.093 3o ______________ 1. 940 3.079 35 ______________ 1. 934 3. 081 

40 ______________ 1. 936 3.082 
45 ______________ 1. 940 3. 092 
50 ______________ 1. 937 3.098 55 ______________ 3. ll0 
60 ______________ 1. 951 3. 114 

70 ______________ I. 957 3. 130 90 ______________ .1. 970 3. 150 110 _____ ________ 1. 97 1 3.150 
L30 _______ ______ 1. 955 :U 28 
L50 _____ ___ _____ 1. 936 3.101 

170 ____________ 1. 908 3.063 

A correc tion for th ese deviations was calculated 
with the h elp of transition cm\'es for copper obtained 
{rom Marshall , Rosenfeld , and Wright [6] at k o= 
46 MeV, and from Kruglov [7] at ko= 85 MeV. 
These wer e used to determine t he r elative co ntribu­
t ion of each cavity to the total ionization, and it was 
found that t he replica Quantameter sensitivity was 
higher than the design value, but only by 0.1 percent 
at each energy. Transition curves for lead [8] and for 
2024 Dural [9], which cover a wider energy range, 
were used to show that the sensitivity correction 
caused by errors in the air-cavity thicknesses would 
have varied {Tom 0.06 percent at 25 MeV to 0.17 
percent at 170 MeV if the plates had been lead 
(of the same gjcm 2 thickness) , and from 0.03 percent 
at 25 MeV to 0.05 percent at 170 MeV if they had 
been Dmal. The correction for copper should be 
betvveen these extremes, and was finally tak en as 
o for ko< 45 M eV a nd 0.1 percen t for larger ko . 

DW'ing the comparison measm ements it was 
found that the ends of the bolts holding together 
the quantameter (no t s hown in fig . 1) collec ted 
enough charge from ionized air b ehind t he chamber 
to raise the m easmed sensitivity by as much as 
0.67 percent. This correction is included in the 
A + C02 ratios of table 1, which were obtained 

before this was discovered, and it was avoided in 
the measurements with air flilin g by covering these 
studs with rubber caps. 

5 . Quantam€ter Calibrations 

TABLE 2. Quantamete1' calibmtion (joules/coulomb) with 
A + CO2 :filling (20°C, 800 mm) and with ai?' filling (20°C, 
760 mm) . 

======~==========~====== 

Filling 
k o Un crfw i l1 Ly 

A+C O, Air 

----- ----
(k re \I ) 

20 ______________ 8. 12XlO • 12. 92XJO ' ±2. 4% 26 ______________ 8.00 12.70 2.7 
3L ____________ 7. 99 12.69 1. 8 
36 ____________ ._ 7. 95 12. 66 1. 5 
41. ___________ ._ i.92 12. 61 2.1 

45 __ • ___________ i.80 12.43 1. 8 50 ______________ 7. 74 12.36 1. 8 60 ______________ 7.69 12.27 1. 8 
70 ______________ 7. 56 12.08 2.7 90 ______________ 7.49 11. 97 2.7 

110_ ••• ___ . ___ ._ 7.58 12. 10 2.7 
l ilO ••• ___ •• _. ___ 7. 46 11. 92 1.5 
1.10_ •• ___ • ____ ._ 7.40 I I. 85 1. 8 
170 ___ •• _ •• __ • __ 7.39 11.85 1. 8 

Table 2 is a list of t he Qu antameter calibrations 
obtained by multiplyin g the corrected ratios of 
table 1 by the calorim etric calibrations of P2- 4 
measured earlier in t his laboratory [2 , 8], with 
un certain ties equal t o t hose of tb e P 2- 4 calibrations 
plus 0. 3 percent for these ra.tio:; a nd corrections. 
The calibr~Ltion s are plotted as a fun ct ion of ko in 
fi gure 4, which shows that in general, they agree with 
Lhose of Komar et a l. to within the stated enOl's. 
There is also agreement th at the c~tl i braL i on in cr eases 
with decreasing leo at these energies. The calibra­
tions obtained at higher energies by co mparin g the 
A+ C02 filled Quantameter with a t hi ck-walled 
Cornell ionization chamber [1] indicate tha t the 
energy dependence does indeed d isappear with 
increasing ko. 
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/ 6. P2- 4 Calibrations 

TABLE 3. P2- 4 calibration (joules/coulomb) at 20°C. 760 1nm 

ko joules/coulomb Uncertainty 

(M eV) 
15 _____________ _ 
20 ___________ __ _ 
25 _____________ _ 
30 _____________ _ 
35 _____________ _ 
40 _____________ _ 

4.17 X lO ' 
4. 18 
4.22 
4.24 
4. 21 
4.16 

±1.5% 
1.3 
1.2 
1.3 
1.2 
1.1 

53______________ 3. 93 2. 1 
55______________ 4.05 1. 0 
70______________ 3. 95 1. 2 
72______________ 3. 90 1. 9 
85______________ 3. 88 1. 3 
90______________ 3.89 1. 1 

Table 3 is a listing of the P2- 4 calibrat ions ob­
tained by dividing the corrected ratios of table 1 
into the Quantameter calibrations of Komar, et al [4]. 
They are plotted in figure 5 along with all other 
known P2- 4 calibrations [1] . There are enough of 
these to warrant some statistical manipulation, and 
they have consequently been fitted to a curve of 
the type: 

4 

P2- 4 calibration = L: aixi, joules/coulomb 
i = O 

where x = 9.80 loglo (koCMeV) /43.2) 
with uncertainties expressed as: 

The ai and 0; are listed in table 4. The at were 
obtained by least squares, with each calibration 
weighted with a factor equal to the inverse square 
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FIG U RE 5. P2-4 calibration in joules/C01tlomb. 

of its uncertainty. The Oi were calculated using 
Gauss' law for combining errors. The two curves 
of figure 5 represent the extreme predictions of this 
formula. There is no guarantee that the true P2- 4 
calibration lies between these curves, since they 
were obtained statistically , using weights which 
incl ude both statistical and systematic uncertainties, 
but the good agreement between the calibrations 
obtained in several laboratories by several means 
suppor ts this view. 

7. Comments 

The NBS Quantameter calibrations of figure 4 
agree with those of Komar et al. to within the com­
bined uncertainties, but there is indication of a 
systematic discrepancy of abou t 2 percent between 
the measurements of these two laboratories. In 
each case, the original calibrations were made with 
calorimeters of abou t the same design, and an obvious 
place to look for systematic differences is in the 
corrections made to the calorimeter data for leakage 
of secondary photons and electrons. In the NBS 
case, this correction was based on scin tillation 
measurements of backscattering plus photographic 
determinations of energy leaking from the other 
surfaces [8]. The Soviet correction is presumably 
based on ionization chamber measurements described 
earlier by Kruglov and Lopatin [10], which are 
presented in a form well suited for comparison. 
Their measurements indicate that for a 9-cm-diam 
7.5 cm lead cylinder, such as we used, they would 
expect a leakage flux of 5.3 percent of the incident 
energy at ko= 50 MeV, and 5.1 percent at 85 MeV, ., 
while OUT own measurements indicate 5.4 percent 
at each of these energies. This difference is both 
too small and in the wrong direction to explain the 
2 percent discrepancy. 

4 
T A BLE 4. Coefficients in " P2 - 4 joules/coulomb = L:aix i," 

i=O 
4 

and in "6(%) = L:0iXi," where x = 9.BO IOglO (ko(MeVl /43 .2) 
i=O 

0 ______________ _ 
L _____________ _ 
2 _____________ -. 
3 __ ____________ _ 
4. _____________ _ 

U; OJ 

4. 077 X IO' 
- .0650 
- . 00971 

. OO1l87 

.0001809 

0. 39 
-. 0l7 

.0001 
-. 00009 

. 000243 

The only other plausible source of a 2 percent system­
atic difference is the Quantameter dimensions, which 
should be controll ed very carefully because of the 
thin air-cavity dimensions. A direct comparison of 
the two Quantameters would certainly help to clear 
up the reasons for this difference. 

After these intercomparisons had been completed, 
it was found that Komar et al. , have calibrated a 
replica P2 chamber [11] and have also found a 
difference of abou t 2 percen t between the NBS 
and Soviet calibrations. 
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Handbook of mathematical functions with formulas, graphs, 
and mathematical tables, Ed. M. Abramowitz an d 1. A. 
Stegun, N B S Applied M ath. S eries 55, (J une 1964), $6.50. 
This publicat io n not only combines t he mate ri al found in all 
fo r mer referen ce v olumes on the subj ect; it addit ionally ex­
pands t he work of pas t au t hors by increas ing t he number of 
functions cover ed , presen ting more extensive numerical 
t ables, and giving larger eollections of mat hemat ical proper­
ties of t he tabulated functions. It also provides com­
paratively simple methods of obtaining values of functions 
Duts ide t he tabulated range. 
As a r esult of scient ific advan ces and, especially, t he increasing 
use of automati c co mpu ters, a greater variety of functions 
and a hi gher accuracy of t abulat ion are n ow in demand by 
u sers of m athe mat ical functions. The Handbook includes 
rational approxi ma ti on formulas for all t he functions, tailored 
to t he modern. compu ter and ta bl es useful for a pre-pro­
gramming survey of t he access to a compu tel' ; for the 
resear cher who cloes not, and who must do his own compu ta­
t ions, t hey are, of course, indispensa ble. Subj ects covered 
a re included by t he following chap ter headings: Mathematical 
Constants; Physical Constan ts and Co nvers ion F ac tors; 
E lemen tary Analytical Methods; E lemen tary Transcendental 
Functions-Logarithmic, Exponent ial, Circular, and JIyper­
b oli c Functions; Exponen tia l Integral and Related Functions; 
Gamm a Function and Fresnel In tC'g rals; Legendrc Functions; 
Bessel Functions of Integer Order ; Bessel Functions of 
Fractional Order ; Integrals of Bessel Functions; Struve 
Functions and Rela ted Functions; Confluen t IIypergeom etri c 
Functions; Coulomb Wave Functions; IIypergeo metic Func­
t ions; J aco bi an Ellipti c Functions and Theta Functions; 
E llip t ic Integrals; Weiers trass E llipt ic and Related Func­
t ions; Para bolic Cylinder Functions; M athieu Functions; 
Spheroid al W ave Functions; Ort hogonal P olynomials; 
Bernoulli and E uler P olyn omials, Riemann Zeta Function s; 
Combinatorial Analys is; Num eri cal Interpola tion, Differen t ia­
t ion, and Integrat ion ; Probabili ty Functions; Miscellaneous 
Functions; Scales of Nota tion, and Laplace Transform s. 

Infrared spectra of NF, Nel, and NBr, D. E . Milligan and 
M . E . Jacox, J . Chem. Phys. 40, No.9, 2461- 2466 (Ma y 1, 
1964)· 
The infrared sp ectra of FN3, CIN', and BrN3 suspended in 
Ar and N Z mat rices have been observed at 4 ° and at 20 ° K . 
Ultraviolet photolysis of these systems results in t he appear­
ance of absorptions assigned to the free radicals NF, NCI, and 
NBr. Evidence is presented for the matrix deact ivat ion of 
NBr to its ground 32;- state. Slow photolyt ic decomposi­
tion of NCI and NBr has been observed. Possible m ech­
anisms are discussed for the origin of a green phosphorescence 
identified as resulting from N atoms trapped in t he matrix. 

Optical studies at high pressures, L . S. Wh atley, E. R. 
Lippincott, A. Van Valkenblll'g, and C. E. Weir, Science 144, 
No. 3621, 968-976 (May 22, 1.964) . 
The development of a miniaturized hi gh-pressure cell which 
is useful to pressures of 150 kbar and fits easily into the small 
s ample areas of commercial opti cal equipment has greatly 
facilitated optical studies a t high pressures. Wit h t his cell 
the nature and op t ical charac terist ics of polymorphic changes 
in transparent soli ds and liquids have been invest igated . A 
microscope spectropho tometer wi t h whi ch a bsorption spectra 
of small areas of the compressed sample can be ob tained has 
been devised. A camera a ttachment provides a convenient 
means of recording the visual obser vations. X-ray diffrac­
t ion powder patte1'lls have been recorded for low- and high­
pressure forms of several substances, and new high-pressure 

forms have been discovered in so me cases. The wide range 
of problems in whi ch t he cell is appli cable, its minia t ure size, 
and t he rela t ive simplicity of t he experimen tal techniques 
involved in its use ma ke the development of t he dia mond cell 
a marked advan ce in high-pressure technology. 

Refractive properties of barium fluoride, 1. n . Malitso n, 
J . Opt. Soc. Am. 54, No.5, 628-632 (Ma y 1964). 
Refractive propert ies of barium flu oride a re disc ussed . The 
refractive index, n, was determin ed at 25 °C for 46 measured 
wavelengths from 0.26521' in the ultraviolet t o 10.346 in the 
infrared . The dispers ion equation 

0.643356X2 0.506762X2 3.8261Az 
X2 - (0.057789)2 + XL (0.10968) 2 + A2 - (46.3864)2' 

where X is expressed in microns was found to fi t t he measured 
valu es wit h a n average absolu te residual of l.91 X 10- 5 • 

A tentative average t hermal coe ffi cient of index dn/dt for t he 
measured s pectral r ange is - 12 X 1O- 6/ o C. D ispersive q uan­
t it ies whieh indi cat e t he expected relative dispersion, dU'o­
m ati c aberration , a nd t he effect of index on resolution are 
graphically prese nted. A review of transmittance data from 
t he literature is al 0 prese nted . 

Statistical model for the beta zirconium hydrides, T. B . 
D ou glas, J. Chem. Phys . 40, No . 8, 2248-2257 (A pr. 15, 1964). 
After consideration of t he k nown stru cture of ZrH2, it is 
postUlated t hat t he non-stoichiometric " beta" (bcc) Zr- H 
phases have four symmetri cal hydrogen sites on each fa ce of 
t he unit cell, wi t h s imultaneo us occupa ncy restricted to pairs 
not closer than t wice t he van del' Waals r adius of hydroge n. 
The configura tional problem is solved for all con centrations 
by a simple process of building up the latti ce, after making 
t es ts of the amount of det ail required for accurat e solutions 
in one a nd two dimen sions. The t otal ent ropy, when de­
creased by the corresponding configurati onal entropy, 
corresponds to valu es of the hydrogen vibration frequency 
averaging 1440 cm- 1 and showing n o cons is tent t rend with 
t empera ture or with a four-fold chan ge in con centration. A 
semi-empirical en ergy model is constru ct ed on the postulate 
that zirconium bonded to no hydrogen is "abnormally st a ble," 
and the two energy paramet ers a re derived from the experi­
mental data. The agreement with the curves derived from 
thermodynamic data is fairly good for the partial molal 
entropy and energy of hydrogen, a nd excellent for the hydro­
gen equilibrium pressures . 

Optical constants of thin films from the characteristic e lectron 
energy losses, R . E . La Villa and II. M endlowitz, J. Phys. ~5, 
114- 118 (Jan. Feb. 1964). 
A method for obtaining the opt ical constants by employing 
the correlation betwee n t he characteristic electron energy 
absorption spectrum of a subs tance with its opt ical properties 
is described. This method is applied to a study of t he optical 
properties in t he far ul t rav iolet of aluminum, a metal, and of 
polystyrene, an organic co mpound . The informa tion that is 
derived by this method lends itself to a study of the optical 
oscillator strengths. 

Thermodynamics of solutions of deuterium chloride in heavy 
water from 5 to 50 °, R. Gary, R . G. Bates, and R. A. 
Robinson, J . Phys. Chel1t. 68,11 86-1190 (1964). 
The standard e. m.f. of t he cell D 2 (g. 1 atm.), DCI in D 20 , 
AgCI ; Ag has been determined from 5 to 50 °. At 25° t he 

709 



standard e. mJ. is lower by 9.78 mv. (on t he molality scale) 
or 4.31 m v. (on t he mole fraction scale) than t he standard 
e .m.f. of the corresponding cell with a hydrogen electrode and 
a solut ion of hydrochloric acid in ordinary water. TI~ermo­
dynamic quantities have been calculated for the r eactlOn 

1/ 2 D 2 (g.)+ lICI (in H 20) = 1/2 H 2(g.) + DCI (in D 20 ). 

At 25°, 1'.0 is 418 j . mole- I, !'.IP is - 611 j . mole- I, and 
I'. S o is - 3.5 j . deg. - I m ole- I, when all four substances are 
in the standard state on the mole fraction scale. The m ean 
ionic activity coefficient and relative partial molal enthalpy 
of DCI at molal ities from 0.01 to 0.05 in heavy water have 
been obtained and are compared with those for Hel in H 20 . 
The activity coe ffi cient of DCI in D 20 is slightly smaller 
t han t hat of I-ICI in H 20 at the same molality; at m = 0.05, 
t= 25 °, the difference in log '}' ± is 0.0022. 

Direct quantitative analysis of photomicrographs by a digital 
computer, G. A. Moore, Photo. Sci. Eng. 8, No. 3, 152- 161 
(May- J une 1964). 
A program on the National Bure~u of Standards SE~C 
Computer directly accepts photomICrographs or ?ther PIC­
t ures as the informat ion input. Commands III Enghsh format 
cause compilation of operational orders as required to carry 
out modifications or analyses of t he pictures. The 28 opera­
t ions now functional inclnde lineal and area analyses of whole 
pic tures, sorting out of individual coherent. objects, and de­
termining 15 p arameters of each . SpeCIal p~lOtograp!ll c 
precautions are necessary. to supply only tru th~ullllformatlOn 
t o t he computer. Studies of complex moblUm-t lll s uper­
cond uc tors and dispersed particle structures are shown. 
Probable applicabili ty to biological problems and to photo­
graphic emulsions is considered. 

Superconductivity in semiconducting SrTi03• J. R. Schooley, 
W . R. Hosler, and M . L . Cohen, P hys. R ev. Letters 12, 474 
(1964) . 
Superconducting transit ions have been observed in three 
specimens of strontium titanate, a semiconductor. The 
s pecimens were reduced to approximately 1020 charge carriers 
(CC)- I and showed degen eracy at liquid helium temperatures. 
Four-lead d.c. resistance m easurements showed t hat the 
transitions are complete within less than 0.1 OK at about 
'0.26 OK , and t hat He is a few kilo-oersted. A.c . magnetic 
s usceptibility m easurements indivate that a bulk diamagnet­
ism is present and t hat the first critical field is less that one 
oersted. 

An engineering method for calculating protection afforded 
by structures against fallout radiation, C. E isenhauer, NBS 
Mono. 76 (J uly 2, 1964), 20 cents. 
This report is a discussion of t he technical assumptions 
underly ing the methods currently recommended by the Office 
o f Civil Defense (OCD) for calcula ting protection afforded 
by structures against fallout radiat ion. It discusses methods 
for calculating t he contribut ions from radioactive sources on 
t he roof and on t he ground surrounding a simple one-storied 
building. It shows in detail how each technical char t in t he 
DCD Professional Manual is derived from basic data on 
radiat ion p enetration developed by Dr. L. V. Sp encer' 
Charts from t he Professional Manual and relevant curves 
from Spencer's work are included in t his report in order to 
make it self-contained . 

Shielding for high-energy electron accelerator installations, 
N BS Handbook 97 (July 1, 1964), 30 cents. 
This publication is intcnd ed to give a summary of the pres­
·ently available data required to calculate t he shielding for 
high-en ergy, high-intensity electron-accelerator installations. 
The report is not intended to present specific, a ll-inclusive 
recommendations since it is not felt t hat at t he present time 
t he "state of t he art" has progressed to t he point where such 
recommendations are feasible. This pUblication is aimed 
at outlining t he present state of our knowledge abou t the 
factors governing t he shielding required in the vicinity of 
t hese accelerators. The recommendations that are made 

have to do primarily wit h a procedure to be followed in 
establishing t he required amount of shielding. 

Absolute temperatures determined from measurements of 
the velocity of sound in helium gas, G. Cataland and H . H. 
Plumb, Proc. Advisory Committee on Thermometry to the 
Intern. Bureau of W eights and M easures, 6th S esswn, p. 175 
(Sept. 26-27, 1962). 
At 20 OK and below, t he m easure men t of t he speed of sound 
in helium gas appears to yield a more accurate determination 
of absolute temperatures than has been previously r ealized. 
In an ideal gas, t he speed of sound is directly proportional to 
t he sq uare roo t of t he absolute t emperature; for a r eal gas, 
corrections must be made which involve virial coefficients of 
the rras expressed in a pressure expansion. Because t hese 
corre"'ctions increase with pressure, it is desirable that velocity 
m easurements for absolute temperature determinations be 
conducted a t t he lowest practical pressures, where a real gas 
approaches th e sta te of an ideal gas. 
All acoustical in terferometer has been used as a m easuring 
instrument, and a bsolute temp erature determinations at 2 OK 
and 20 OK have been investigated. The t emperat ure, 
m easured acoustically, at 2 OK is three millidegrees higher 
t han t he temperature associated with t he T S8 helium vapor 
pressure scale ; at 20 OK , it is within 10 millidegrees of t he 
equilibrium hydrogen vapor pressure-te lJlpera~ure scale of 
Woolley, Brickwedde a nd Scott . The work IS bemg con­
tinued to determine an absolute temperature scale below 
20 oK. 

Some res ults and problems in calibrating the NBS photo­
electric pyrometer of 1961, R. D. Lee, Proc. Advisory Com­
mittee Thennometl'y to the Intern. Bureau W eights and 
Measures, 6th S ession, pp . 79- 90 (Sept. 26- 27, 1962) . 
The r ealization of t he Internat ional Practical Temperature 
Scale (IPTS) above 1063 °C has been accomplished in the 
past with a disappearing filament optical p yrometer . Photo­
electric m eans of detecting t he equality of spectral radiance 
alon" the same principles of the v isual optical p yrometer have 
been'" demonstrated to be cons idera bly more precise, and 
t his increased precision has been accomplished wit h a narrower 
spectral bandpass. 
In t he past few years photoelectric pyrometers have been 
developed at t he National Bureau of Standards (NBS) and 
at othcr national standards laboratories. Some progress has 
been made toward the realiza t ion of t he IPTS with t he 
NBS pyrometer. This paper r eports on t he preliminary 
resu lts and problems obser ved in t his work. 

Metastable levels in the continuum and the independent 
particle model, F. Prats and U. Fallo, Proc. II T rd I ntern. 
Conf. Physics of Electronic and Atomic Collisions, London, 
England, pp. 600-605 (July 22-26, 1963). 
R esonances in scattering processes and t he related m etastable 
levels of a toms, molecules or ions, which decay by a utoioll­
ization predissociation or Auger e ffect, are generally claSSI­
fied by quantum numbers of an illdepen<;l en~ particle model. 
This model often affords only a quantitatively ver y poor 
initial approximation, and one may wonder how to define 
operationally meaningful c?ncepts, such as d~c:;t~ rates an~ 
line shapes, so t hat t hey be mdep endent of the 1I11t lai appr~x I­
mat ion. This definition can be achieved III te rms of a reactIOn 
matrix or, equivalently, in t erms of the matrix of t he r~sidu:;tl 
interaction in an interm ediate represent atIOn whICh 18 
obtained from t he independent -part icle states by a process 
of partial, or " preliminary", diagonalizat ion. 

Approximations to the pair correlation function for a hard­
sphere fluid, M . Klein, Phys. Fluids 7, No.3, 391-401 
( M ar. 1964). 
The equation of state for hard sphe:es as pre~icted b~ a 
number of approximations to the ~all' correlatlOn. func tlOn 
are compared with each other and With a reference Isoth~r~n. 
The reference isotherm is give n by t he five known vlflal 
coefficients for pa3 0.5, by the molecular dynamICs calculatl?ns 
of Alder and Wainwright for pa3 > 0.7, and by a graphical 
interpolation between the t wo for 0.5 pa3 0.7. The approxi-
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mations considered arc t he chain, watermelon, convolu t ion­
hypernet ted chain, and P ercus-Yevick approx imat ion . The 
solut ions t o t he integral equation of t he convolu t ion-h yper­
netted chain approximation can be used t o define a seq uence 
of diagrammatic approximations to t he pa ir correlation 
fun ction according to t he n um ber of parallel branches in­
cluded. We shall designate t hese as t he approx imat ions 
n = 1,2, .. . , ete . accordin g t o t he num ber of branches included. 
We h ave found both t he chain an d wate rmelon approx i­
mations to y ield equations of s tate whi ch are on ly slight 
improvements over t he l inear correction t o t he idea l gas 
law. The eq uat ion of state of t he convolu t ion-hypcrnetted 
chain approximation was fo und to be a q uali tatively good 
first approx imat ion to the reference isot herm in our earlier 
work . We have now found t he P- Y t heory to be a fur t her 
improvement over t his for hard spheres in agreement wit h 
t he resul ts of H oover and Po irier for hard eubes and of Broy les 
fO!" se veral densities of the Lennard-Jones (12, 6) gas. We 
have found t he a pproximation n = 2 t o yield an equation of 
state in excellent qu an titative agreemen t wi t h t he reference 
isotherm for densit ies up to 0.707 t imes t he close packed 
densit y . 
The sequence of approximations whi ch star ts wit h t he chain 
approx imation and end s wit h t he CHNC approximation 
appears to be pa r t of a u n iform approach to t he r cference 
isotherm . At t he sa me t ime, t he representations of t he known 
viri al coefficients associa ted wi t h each of t hese ap prox imations 
do not approach t he correct v iria l coeffi cients in a uniform 
fashion . It would t hus appear t hat t he seq uence of infini te 
sums (i.e. over cha ins, et c.) forms an approx imation scheme 
whose meaning cannot be found from a ll exam inat ion of th e 
usual densi ty series. 

Effect of pressure in the radiolysis and photolysi s of methane, 
P . Ausloos, R. Gorden, Jr ., an d S. T . Lias, J . Chem. P hys. 
<10, No. 7, 1854- 1860 (ApT . 1, 1964.). 
The photolysis and radiolysis of equimolar CII ,-CD, 
mixtures was investigated as a function of press ure. The 
fact t hat, in t he presence of N O, the et hane fraction consist s 
ent ire ly of C 2D 6, C 2D ,H " C ,I-I,D 2, an d C 2U " in comparable 
am ounts indicates t hat ClI , and CD , arc produced. The 
relative yield of t hese e tha n es whi ch arc formed by inser tion 
of met hylene in to methan e increases wi t h pressure in both 
t he photolysis and radiol ysis . In t he r ad iolysis, t he G 
value reaches a value of 0.35 ± O. l at pressures above 15 
at mospheres. Information about t he effect of pressure on 
t he production of t he met hyl ion was obtained by inves t i · 
gating t he rad iolysis of CJ1 ,-iso-C, D IO and CD,-C3U 8 

mixtures from 1. 5 cm to 130 at mospheres. T he data indicate 
t ha t t here is a gradual decrease of t he met hyl ion y ield wi t h 
increase in pressure while t he paren t ion y ield increases 
wi t h increase in pressure t o a pressure of at least 15 atmos­
pheres . 

Intense resonance line s ources for photochemical work in 
the vacuum ultraviolet region, I-I . Okabe, J. Opt. Soc . Jim. 
5<1, No . 4, 478-481 (A pr. 1964) . 
A simple, completely seal ed, discharge resona nce lamp op­
erat ed by 2450 m c/sec mi crowave power is described which 
emi ts a tomi c lin es of suffi cient intensity to be useful as a 
photoc hemi cal li ght so urce. 
When a water impurity is present in the la mp, many emission 
Jines ap pear in t he region of wavelength from 1500 t o 2000 A. 
These impuri ty lines can be effecti vely removed by means of 
a getter o r by a suitable cold t rap. The pressures of pure 
X e or K r in t he resona nce lamp, required to give maximum 
intens ity (approximately 5 x 10 14 qu anta/sec), are 0.7 mm 
a nd 1.0 mm , respect ively . The presen ce of a CO imp uri ty 
does not affect t he in t ensity of t he resona nce lin es. After 
passing t hrough a 1 mm Li F win dow, the in tensity of t he 
X e resona nce line at 1295 A is abo ut 2 perce nt of t hat at 
1470 A and t he int ensit y of t he Kr li ne at 11 65 A is about 28 
percent of t hat at 1236 A . A mixture of t he rare gas a nd 
H e gives more in tense light t ha n t he pure gas . Ly ma n 
alpha (1216 A) lin e from excited atomi c hydrogen a nd a 
group of lines at 1743- 45 A from excited ato mic nit rogen 
may be used as a photochemical li ght source . 

Constants of the interpolation formula for platinum resistance 
thermometers, J . L. Riddle, Pl·0C. Advisory Committee Ther-
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m ometry to the I ntern. Bw ·eall W eights and iVI easllres, 6th 
S ession, pp. 198-201 (Se pt. 26-27, 1962) . 
Values of t he const ant s in t he interpolat ion formula for a 
large number of t hermometers recently sub mi t ted t o t he 
National Burea u of St andards for calibra t ion a re summarized . 
All t herm ometers sui t a bl e as standards whi ch were received 
over a period of a bout one year during 1959 and 1960 are 
included . Li mitat ions on such co nstants can serve either 
to make t he In t ernat iona l P rac t ical T empera t ure Scale 
(IPTS) more precisely defin ed or t o red uct t he number of 
calibration poin ts required for appli cat ion over limited 
t e mperature ra nges. 

Other NBS Publications 

J. Res. NBS 68C (Eng. and Instr.), No.4 (Oct.- Dec. 1964). 
75 cents . 
Theory of mirror spectrographs. 1. Ast igmat ic illu min at ion 

of plane gratings and prisms. K. D. Mielenz . 
Theory of mirror spect rographs. II. General t heory of focal 

surfaces and sli t curvatures. K. D . M ielenz. 
Theory of mirror spectorgraphs. III . Focal surfaces and sli t 

curvature of E bert and E bert -Fastie spectrographs. K . D . 
'VIielen z. 

H eat fi ow in a ri ght circular cylinder wi th arbi t ra ry t empera­
t ure boundary co nditions- a pplicat ions to t he determin a­
t ion of t hermal co nd uctivity. D. R. F lyn n. 

D igit ized phase meter. W. S. Epste in. 
Act ive and passive d irect-readin g ratio set s for t he comparison 

of a ud io-freq uency a dmi ttances . R. D . Cut kosky . 
R eview of met hods for t he excitation of a to mic a nd ioni c 

spectra by means of high-frequency d ischarges a nd sli d ing 
spa rks. Lenn art M innhagen. 

St a ndards for t he calibratio n of Q-meters 50 kH z to 45 M U z. 
R. N . J ones . 

X-ray measurement of residual st ra ins in in dividual gra in s of 
po lycrys t a llin e a luminum . C. J . Newto n. 

F erri magnet ic resona nce mea urements usin g I F sub t it ut ion 
techni ques . W. K e a e, R. D . H arrin gto n, a nd L . B . 
Schmidt . 

A P ienkowsky-ty pe calibrat ion scheme for 521l~1 weight 
series usin g two k nife-edge d irect-readin g ba la nces . H . S. 
P eiser. 

R eference tables fo r t he Platinel II t he rm oco u ple. L. O. 
Olsen and P. D. F reeze. 

E ffect s of ca t hodic currents on t he co rros ion of a n a luminu m. 
all oy . W . J . Sc hwerdtfeger. 

P hotooxida t ion of asphalts in t he presence of ozone. J . R . 
Wright a nd P . G. Ca mpbell . 

D es igns for t empera t ure a nd t em perature grad ient com­
pensated capacitors smaller t han t en p icofa ra ds. R. D , 
Cut kosky. 

Radio Sci. J. Res. NBS/USNC- URSI, 68D, No. 11, (Nov~ 
1964) , $1.00. 
Interaction of an antenna with a hot plas ma a nd t he theory 

of resonan ce probes . J. A. F ejer. 
Observations of eart h-ionosphere ca vity r esonances a nd t he it, 

interpreta tion in terms of a two-layer ionosp here model. 
F. 'vV. Chapman and D . Llanwyn Jon es. 

On t he t heory of reflection of electromagnet ic waves from 
t he interface between a compressible magneto plas ma and 
a dielectric. J . R. Wait. 

Propagation over plane ear th t hrough an expo nent ial atoms­
phere. I. H. Gerks and R. M. Anderson. 

Propagation in nonuniform waveguides wit h impeda nce 
walls. R. L. Gallawa. 

So me approximate for mulas concernin g t he reflection of 
electro magnetic waves from a st l atified semI-infinite 
medium. R. Burman. 

A VLF timing experiment . A. H . Morgan a nd O. J . Baltzer. 
Phase a nd t ime variations in VLF propagation over long 

distan ces. D. D. Crombie. 
Geometrical optics convergence coeffi cient for whistlet' 

propagation. G. McK Allcock. 
Errors indu ced by t he atmosphere in mi crowave ra nge­

measurements. I-I. B. J a nes and M. C. Thompso n. 



So me features of Es-ionization of the equatorial ionosphere. 
P. Bandyopadhyay and H. Montes . 

A note on the insulated loops antenna immer sed in a con­
ducting medium. J . R. Wait and K. P. Spies . 

Observation and analysis of transequatorial propagation. 
J . A. Thomas and B. A. McInnes . 

Radio Sci. J. Res. NBSjUSNC-URSI, 68D, No. 12, (Dec. 
1964) , $1.00. 
Experiment on the constancy of the velocity of electro­

magnetic radiation . P. Beckmann and P. Mandics . 
Measurement of the phase velo city of VLF propagation in 

the earth-ionosphere waveguide. F . K. Steele and C. J. 
Chilton. 

Wave hop theory of long distance propagation of low­
frequency radio waves. L. A. Berry . 

'Wave propagation in a co mpressible ionosphere. Part r. 
S. R. Seshadri . 

'Wave propagation in a compressible ionospher e. Part II. 
S. R. Seshadr i. 

Spatial properties of the amplitude fading of continuous HF 
radio waves. J. Ames. 

Physical properties of the polar winter mesosphere obtained 
from low-frequency propagation and partial re fl ection 
studies. J. S. Bclrose, L . R. Bode, and L . W. H ewitt. 

Reply to the " R emarks by Donald H . Menzel With R eference 
to Bailey 's Comments on Solar Electric Fields." V. A. 
Bailey. 

Tables of chemical kinetics homogeneous reactions (Supple­
mentary tables) NBS Mono. 34, Vo!' 2 (July 1, 1964), 
$2.75. 

Line parameters and co mputed spectra for water vapor bands 
at 2.7p., D. M . Gates, n. F. Calfee, D . VV. Hansen, and 
W . S. Benedict, NBS Mono. 71, (Aug. 3, 1964) , $2.00. 

Examination of farm milk tanks . A manual for weights 
and measures officials, M. VV. J ensen, NBS Handb. 98, 
(May 22, 1964), 35 cents. 

Foreign-Ianuage and English dictionaries in the physical 
sciences and engineering. A selected bibliography 1952 
to 1963, T . W. Marton, NBS Misc. Pub!. 258 (July 24, 
1964), $1.25. 

Selection of camera filters for color photography, C. S. 
McCamy, NBS Misc. Pub!. 259, (June 26, 1964), 5 cents. 

Standard reference materials: Preparation of NBS white 
cast iron spectro chemical standards, R . E. Michaelis and 
L. L . 'Wyman, NBS M isc. Pub!. 260-1, (June 19, 1964), 
30 cents. 

Quarterly radio noise data Dece mber 1962; January, F ebru­
ary 1963, W. Q. Crichlow, R. T. Disney, and M. A. 
J ellkins, NBS Tech. Note 18- 17 (May 21, 1964), 50 cents. 

Absolute photometry of the light of t he night sky. The 
zenith inte nsity of Haleakala (lati tude N 20.7 °) and at 
Fritz peak (la titude N 39.9 °), F. E. Roach and L. L. Smith, 
NBS Tech. Note 214 (June 29, 1964),35 cents. 

P ercentage points of the beta distribution, L. E. Vogler 
NBS Tech . Note 215 (May 30, 1964), 25 cents. ' 

Co mputation of Hankel function s, L. A. Berry, NBS T ech. 
Note 216 (June 12, 1964) , 20 cents . 

A bibliography of thermophysical properties of argon from 
o to 300 oK, L. A. H all, J. G. Hurst, an d A. L . Gosman, 
NBS T ech. Note 217 (Jun e 12, 1964),55 cen ts. 

Average power dissipated in a diode swept along its reverse 
characteristic, H. A. Schafft, NBS Tech . Note 240 (Apr. 
30, 1964) ,20 cents . 

Calculations for comparing two-point and four-point probe 
r esistivity measurements on rectangula r bar-shaped semi­
conductor samples, L. J . Swartzendruber, NBS T ech . 
Note 241 (June 1, 1964) , 25 cents. 

A fortran program for analysis of ellipsometer measurements 
a nd calculation of reflection coefficients from thin films 
F. L. McCrackin and J . P. Colson, NBS Tech. Note 242 
(May 27, 1964), 30 cents. 

Smvey of multiply charged ions, F. L. Mohler, NBS T ech . 
Note 243 (May 27, 1964) , 10 cents. 

An international co mparison of voltage-transformer calibra­
tions to 350 kv, F. K. H a rris, W. C. Sze, N. L. Kusters, 
O. Petersons, a nd W. J. M . Moore, IEEE Tra ns. Commun. 
a nd E lec. No. 70, 13- 19 (J a n. 1964). 

The quest for design data , R. B. Stewa rt, Symp. The Rol e 
Cryogenics is Playing in Expanding Mechnical Engi neering, 
Am. Soc. R efrigerating and Air Co ndi tioning E ngineers, 
New York, N.Y., Feb. 11-14, 1964, pp. 13-24 (1964). 

A coaxial adjustable slidin g termination, W . E. Little a nd 
J. P . Wa kefield, IEEE Trans. Microwave Theory Tech. 
MTT- 12, No.2, 247-248 (Mar. 1964). 

E ffect of blowing variables on durability of coating gra de 
asphalt~ S. H. Greenfeld, Indust. & Eng. Chern. Prod . 
Res. & v ev . 3, pp. 158- 164 (June 1964). 

Q Meter m easurem ents up to 260 MHZ, ]VI. G. Broadhurst 
(Proc. Conf. E lectric Insulation) 1963 Ann ual R eport, Nat!. 
Aead. Sci.-N atl. R es. Council Pub!. 1141, pp. 77- 80 (1961). 

Satellite scint illation observations at Boulder, Colorado, J . L . 
J esp ersen and G. Kamas, J . At mospheric T errest. Phys. 
26, 457- 473 (1964). 

The r eaction of m ethy l radicals with dimethyl mercury, R. E. 
R ebbert and P. Au sloos, .J. Am. Chern. Soc. 86, No. 10, 
2068-2069 (May 20, 1964). 

The performance of point level sensors in liquid hydrogen, 
D. A. Burgeson, \-V. G. P estalozzi, and R. J. Richards 
(Proc. 1963 Cryogenic Eng. Conf., Univ. Colorado and 
National Bureau of Standards, Boulder, Colo. , Aug. 19-21, 
1963), Book, Advances in Cryogenic Engineering 9, Paper 
G- 5, pp. 416- 422 (Plenum Press Inc., New York, N.Y. 
1963). 

On associated ions ill polyelectrolytes and trapped Browian 
trajectories, J. L . Jackson and S. R. Coriell, J . Chern. 
Phls, 40, No.5, 1460- 1461 (Mar. 1, 1964). 

H e-N e laser wit h p erpendicular end windows, K. D. Mielen z, 
K F. Neffen, and K . Gillilland, J. Opt. Soc. Am. Letter 
to Editor 3, N o. 6, p. 785 (June 1964). 

F Ull ctions for the calcula t ion of entropy, enthalpy, and 
internal energy for r eal fluid s using equations of state and 
sp ecific heats, J. G . Hust and A. L. Gosman (Proc. 1963 
Cryogenic Eng. Conf., Un iv. Colorado and National Bureau 
of Standards, Boulder, Colo. , Aug. 19- 21 , 1963), Book, 
Advances in Cryogellic Engineering 9, Paper D- 8, 227-233 
(Plenum Press, Inc., New York, N.Y., 1964). 

Physical processes in t he D r egion of the ionospher e, G. C. 
Reid, R ev. Geophys. 2, No.2, 311- 333 (May 1964). 

Observation of FeO in a bsorption by flash heatin g and kinetic 
spectroscopy , A. M. Bass, N. A. Kuebler , and L . S. Nelson, 
J. Chern. Phys. 40, No. 10, 3121- 3122 (May 15, 1964). 

Co mputer . simulation of traffic on nin e blocks of a city street, 
M. C. Stark, (Proc. 41st Annua l Meeting Highway R esearch 
Boa rd, J a n. 8- 12, 1962), Highway R es. Board Bul!. 356, 
Pub!. 1051, p. 40 (Nat!. Acad. Sci.-Nat!. R es. Cou ncil, 
Wash., D .C., 1962). 

One man 's opinion- a. common language (nomenclature for 
rubbers) , R. D. Stiehler , Rubber World 1(8, No.3, 119 
(June 1963). 

Long-lived effects in t he D r egion after the high-altitu de 
nuclear explosion of july fl, 1962, A. H. Brady, D. D. 
Crombie, A. G. J ean , A. C. Murphy, and F. K . Steele, 
J . Geophys. R es . 69, No.9, 1921-1fl24 , (May 1, 1964). 

Some remarks concerning non-reciproci ty in radio propa­
gation, J . R. Wa it, IEEE Trans. An t. Prop. AP-12, No.3, 
372- 373 (May 1964). 

Synthesis of diatomic radicals, H. E. Radford, J . Chem. 
Phys. 40, No.9, 2732- 2733 (May I , 1964). 

The effective area of a guarded electrode, J. 1. Lauritzen , Jr. , 
(Proc. Coni. Electric In sulation ) 1963 Annual R eport, 
Nat!. Acad. Sci.- Nat!. R es . Council Pub!. 1141 , pp. 67- 73 
(1964). 

On the m easurcmen t of radom chain scission by stress 
relaxation , H . Yu, Polymer Letter 2, 631- 635 (1964). 

The listing of sudden ionospheric disturbances, J . V. Lincoln, 
Planet. Space Sci. 12, 419- 434 (1964). 

Evidence of a stratified echoing r egion at 150 kilometers in 
t he vicini ty of the magnet ic equator during dayli ght hours, 
B . B. Balsley, J . G eophys. R es. 69, No.9, 1925- 1930 
(May 1, 1964) . 

E lectrical r esistances of wires of low temperature-coefficien t 
of resistance useful in calorimetry (10° K-380° K ), G. T . 
Furukawa, M. L. Reilly, an d W. G. Saba, R ev. Sci. Instr. 
35, No.1, 113- 114 (Jan. 1964). 

Introduction , V. J. Johnson, Am. Soc. R efrigerating and 
Air Conditioning Engineer s, Symp., The Role Cryogenics 
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is Playing in Expanding Mechanical Engin eering at t h e 
semi-annual meeting of the Am. Soc. of H eatin g, R efrig­
eratin g and Air-Condi tioning E ngin eers, New York, N.Y., 
F eb. 11- 14,1963, pp. III- IV (1964). 

Measuremen t of t he cross section for d astic scatterin g of 
slow electron s by hydrogen atomR, VI. 1,. Wiese, Vlth 
Intern. Conf. Ioni zation Phenomena in Gases I , 5-8 
(P aris, 1963). 

Mass spectr olTlCtrie stud y of the iso Lopic exchange rate of 
oxygen atoms with 0 2, NO, a nd N02 , J . T . H erron and 
F . S. Klein , J . Chem. Phys. 40, No.9, 273 1 (May I , 196'~) . 

Growth twins a nd branchin g of electrodeposiLed co pper 
dendrites, F . Ogburn , J . E lectroehem. Soc. 11, No.7, 870-
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