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be. INTRODUCTION

>

The NRL Plasma Formulary is a collection of formulas and reference data in a handy pocket-

-, sized booklet. Over thirty thousand copies of previous editions of the Formulary have been produced
Y and distributed during the past decade and a half. Each revision before the present one precipitated
N a costly exercise in composition and layout. Finally the master became too dilapitated to use. We
j decided to retypeset the whole book using TEX, the computerized typesetting system developed

by Donald Knuth of Stanford University. Although this was an arduous task, we believe that the
N . difficulty of preparing future editions will thereby be greatly reduced.

In recent yvears TEX has been widely adopted by scientists, engineers. and others to produce
documents containing technical information. The typical user, like us, is an author or scientific
collaborator of the author, technically trained. computer-literate, and a clumsy typist. This user
knows exactly how the final document should look and is strongly motivated to mine from The
TEXbook the requisite nuggets of wisdom, and to grind away as long as necessary. in order to achieve
it. Consequently, highly trained (and highly paid) people are spending a significant fraction of their
time doing what used to be regarded as clerical work. It follows that any tool that can make the
operation of using TEX more efficient is potentially valuable.

Knuth’s comprehensive and very readable (if idiosyncratic) introductory manual, The TENbook,
devotes about the same amount of space to the production of ruled tables as to diacritical marks
in Central European languages (two and a half pages). For most users, the former is by far the
more important application. Although the two examples of tables Knuth provides are illuminating
and the diligent student can learn a great deal from them, the process is time-consuming. Expe-
rience shows that most users want a portfolio of examples that they can use with a minimum of
modification as templates for their own applications.

This report is intended to partially fill that need. It contains some sixty pages of text, tables,
and displayed equations (the output fromi an INAGEN 8/300 laser printer), together with the
associated TEX source. An enlarged copy of each page of the Formulary, identical with that which
was photographically reduced for the actual book, is reprinted facing the TEX source code that
generated it. Users can browse through the report until they come to a table or displayed equation
similar to the one they want to produce, then extract from the facing page the control sequences
they need. The code is largely self-contained; however, many macros are taken from the file
PROLOG.TEX. Whenever the user encounters an (apparently) undefined macro, its definition should
he sought there. Additionally, the file POINTSIZE.TEX sets up all of the necessary font definitions
(magnified seven-point fonts are used in place of the normal ten-point fonts in the Formulary. to
inmprove readability after reduction). These files are listed immediately following this introduction.

No claim is made that the code reprinted here is optimum. We warrant only that the TEX
input produces the output you see. Wizards and other supernatural beings could possibly find more
flexible, transparent. and elegant ways of printing these tables and equations. Moreover, since three
different individnals participated in the project. the programming style is highly nonuniform. Worse
¥ still. we were learning as we went along, so the sections typed at the beginning of the effort are
rougher than those typed after we became more proficient. We attempted to go back and clean up
after onrselves: but demands of space precluded extensive commenting, especially in the complex
ruled tables which most needed it. To partly make up for this. we selected two tables as examples
and explained them in some detail. These are found on pages 10 and 11, In spite of this, the
user will probably have to discover by experimentation why we did much of what we did. This
report docs, however, contain a bonus that many older scientists (like the present senior author)
will appreciate: a version of the Formulary with print big enough to read.

. The Formulary used many TEX tricks and shorteuts in the interests of compactness and speed
of implementation. Particularly irritating. but unavoidable, are the many “hard-wired™ measure-
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ments. We adjusted spacing. line widths, and positions until the output looked close to our mental
picture. While this kind of built-in hack is not very elegant, it is quick and easy to implement, as
opposed to trying to find exactly the right macro to handle every possible case. Also, we abbhre-
viated commands wherever possible to conserve space. Originally. each page was printed from a
separate file, as shown here. with separate calls to PROLOG.TEX. They have since been merged into
one file, but the older version was used for better readability. In a number of places, we have made
characters *active’: for example, the vertical bar ‘| was made to stand for two ampersands "&&’ in
tables. As mentioned above. most of these abbreviations are in PROLOG. TEX.

For convenience, users with DECNET access who can reach LCP:: can copy the TeX file
for any given page. These files, the names of which have the form PAGExx.TEX, where xx is the
page number, as well as PROLOG.TEX and POINTSIZE.TEX, are currently located in the directory
LCP::SYS2: [GUEST.FORMULARY]. A file containing the entire set of instructions used to compose
the Formulary. FORMULARY .TEX, is also located in this directory. Users with Internet access can
access the files through anonymous FTP (your default will be the SYS2: [GUEST] directory. so vou
need to get [GUEST.FORMULARY]<filename>.TEX). The host name is NRL-LCP.ARPA, soon to be a
domain name LCP.NRL.MIL.

It is a pleasure to acknowledge the TgXnical assistance of Dr. Gapal Patnaik and Ken Laskey,
two valuable suggestions made by Prof. Knuth, and the encouragement of Dr. Jay Boris.
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%

% THIS FILE DEFINES THE MACROS USED THROUGHGUT THE FORMULARY.

%

% First, set up the default page sizes and magnification.
P pag g

%
\magnification=1728
\hoffset=1.25truein
\voffset=1.0truein
\hsize=6.0truein
\vsize=9.0truein
\parindent=0pt

%

% Get the font definitions, and set the font to magnified sevenpoint.

A
\input pointsize
\sevenpoint

\font\headfont=cmbxS scaled \magstep2

\font\tensorfont=cmssi8
\font\cs=cmsy7
%

% Now, set up all the commonly used macros for the var:-

%

\catecade'\{=\active

\defl{&%}

%

% Special characters.

A

\def\a{{ bt AT}
\def\AOB{{\alpha/\beta}}
\def\app{\displaystyle \approcx}

\def\approxlt{\kern 0.35em \raise 0.6ex \hbox{$<$} \kern

\hbox{$\s1im$} \kern 0.35em}

\def\approxgt{\kern 0.35em \raise 0.6ex \hbox{$>$} \kern -0.

\hbox{$\sim%} \kern 0.35em}
\def\B{{\bf B}}
\def \C{{\bf C}}
\deficurl{\del\times}
\def\D{{\bf D}}
\def\del{\nabla}
\def dint{\displaystyle\int}
\defrdiver{ delicdot}
\def\doinr{ displaystyletoint}
“def E{{"bf E}}

\def hbar{{\mathchar’26\msk1p-9muh}}

]
(e

‘def\lambdabar{{\mathchar’26\mskip-10mu\lambda}}
“def\longrightarrow{\relbar\kern-0.5pt\joirrel\rightarrouw}

‘defilra{ddisplaystyle Nlongrightarrow}

eftipart{*pertial}
Sdef \K{{\bf R}}
\def\T{{\tensorfont T}}

\def\tfsigma{\sigma \kern-0.55em \sigma}

\def'ts{ thinspace}
A
% Special formats,
A

“def\lefrdisplay#i{medskip\leftline{\inndentf displaystyle# i} igakipt

\deflital#tt1{{\1t #1\/}}

us formulary pagen.

.77em \lower 0. 6ex

77em \lower 0.6ex
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\def\undertext#1{$\underline{\smash{\hbox{#1}}}$}

%

% Contractions and commonly used macros.

%

| \def\bs#1{\noalign{\vskip-#1}}

\def\bsk{\bigskip}

\def\dfil{\dotfill\ }

\def\H{\hang}

\def\hang{\hangindent \oldparindent}

\def\indent{\hskip \oldparindent \spacefactor=1000}

\def\inn”? =z \hskip 20pt}

\def\m{$\voaantom{\big(}$} , -~

\def\msk{\medskip} .

\def\N{\noindent} N

\def\nocorr{\kern Opt} “.

\def\oldparindent{20pt} :

\def\om{\omit}

\def\ov{\bar} Y%{\overline} .

\def\ph{\phantom} -

\def\s{\strut} .

\def\sk{\noalign{\smallskip}}

\def\ssk{\smallskip} -

\def\tablerule{\noalign{\hrule}}

\def\tf{\tensorfont} .

\def\trule{\noalign{\hrule}} -

\newcount\tscount -

\def\tspart{|\om} N

\def\tsend{&\cr} v

\def\tska#1#2{\om&height#2&\om \tscount=#1 \ifcase\tscount \or\tsend 2
\or\tspart\tsend
\or\tspart\tspart\tsend

i "l_lﬁ
¢« .

\or\tspart\tspart\tspart\tsend )
\or\tspart\tspart\tspart\tspart\tsend o
\or\tspart\tspart\tspart\tspart\tspart\tsend A

\ -

=

\or\tspart\tspart\tspart\tspart\tspart\tspart\tsend
\or\tspart\tspart\tspart\tspart\tspart\tspart\tspart\tsend
‘or\tspart\tspart\tspart\tspart\tspart\tspart\tspart\tspartitsendielselbad\f1}
vlefitskb#i{height#1&\omi\om|\oml&\om|\om| \om&\cr}
“deftskc#i#2{height#2&\om \tscount=#1 \i1fcase\tscount \or\tsend
\or\tzpart\tsend
“or“tcpart\tspartitsend
\or\tspartitspartitspart\tsend
\or\tspart\tspart\tspart\tspart\tsend
sor\tspart\tspart\tsparti\tspart\tsparti\tsend
\or\tspart\tspartitspartitspart\tsparti\tspartitsend
“or\tspart\tsparth\tspart’tspartitspartitspartitspartitsend
Nor\tzspart\tspartitspart tapartitspartitspartitepartitspartitsendielae bad’ f1}
“defi\un{\hat} %{\underline}

vi
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- %
:: % THIS FILE DEFINES MACROS TO SET THE POINT SIZE FOR THE FILE:
- %
’:. % \eightpoint ==> eight point type
% \ninepoint  ==> nine point type

]

% \tenpoint ==> ten point type (TeX default)

I % \twelvepoint ==> twelve point type
.. %
;in \font\ninerm=cmr9 \font\eightrm=cmr8 \font\sixrm=cmré€

RS

.

\font\ninei=cmmig
\font\ninesy=cmsy9
\font\ninebf=cmbx9

\font\eighti=cmmi8
\font\eightsy=cmsy8
\font\eightbf=cmbx8

\font\sixi=cmmi6
\font\sixsy=cmsy6
\font\sixbf=cmbx6

=, \font\ninett=cmtt9 \font\eighttt=cmtt8 \font\seventt=cmttiO
‘i' \font\nineit=cmti9 \font\eightit=cmti8 \font\sevenit=cmti?

- \font\ninesl=cmsl9 \font\eightsl=cmsl8 \font\sevensl=cmsl8

: \font\sevenrm=cmr7 \font\sevenizcmmi? \font\sevenbf=cmbx7
< \font\twelverm=cmri2

\font\twelvei=cmmi12
i \font\twelvesy=cmsy10 scaled 1200
P \font\twelvebf=cmbxi2
~i \font\tenex=cmex10
N \font\twelvett=cmtt12
" \font\twelveit=cmtil2
\font\twelvesl=zcmsl12

ot \skewchar\twelvei=’177
- \skewchar\twelvesy="60
. \hyphenchar\twelvett=-1 .
;? \skewchar\ninei=’177 \skewchar\eighti=’177 \skewchar\sixi='177
~— \skewchar\ninesy=’'60 \skewchar\eightsy='60 \skewchar\sixsy='60

= \hyphenchar\ninett=-1 \hyphenchar\eighttt=-~1 \hyphenchar\tentt=-1

% \catcode‘0=11

. \newskip\ttglue

- \def\twelvepoint{\def\rm{\famO\twelverm} %, switch to 12 pt. type

\textfontO=\twelverm \scriptfontO=\ninerm \scriptscriptfontO=\sevenrm

. \tex.fonti=\twelvei \scriptfonti=\ninei \scriptscriptfontli=\seveni
o \textfont2=\twelvesy \scriptfont2=\ninesy \scriptscriptfont2=\sevensy
: \textfont3=\tenex \scriptfont3=\tenex \scriptscriptfont3=\tenex

o \textfont\itfam=\twelveit \def\it{\fam\itfam\twelveit}

w \textfont\slfam\twelvesl \def\sl{\fam\slfam\twelvesl}

Vtextfont\ttfam\twelvett \def\tt{\fam\ttfam\twelvett}
~ \textfont\bffam\twelvebf \scriptfont\bffam=\ninebf
\scriptscriptfont\bffam=\sevenbf \def\bf{\fam\bffam\twelvebf}
. \tt \‘ttglue=. 5em plus .25em minus .15em
h \normalbaselineskip=15pt
W \sethox\struthox=\hbox{\vrule height9.5pt depth4.5pt widthOpt}
letisc=\tenrm \let\big=\twelvebig \normalbaselines\rm }

b’ vdef' tenpoint{\def\rm{\famO\tenrm}’ switch to 10-point type

) VtextfontO=\tenrm \scriptfontO=\sevenrm \scriptscriptfontO=\fiverm
o “textfonti=\teni \scriptfonti=\seveni \scriptscriptfonti=\fivel
h “textfont2=\tensy \scriptfont2=\sevensy \scriptscriptfont2=\fivesy
“textfont3=\tenex \scriptfont3=\tenex \scriptscriptfont3=\tenex
\‘textfontlitfam=\tenit \def\it{\fam\itfam\tenitl}%
“textfont\slfam=\tensl \deflsi{\fam\slfam\tensl}’
“textfont\ttfam=\tentt \def\tt{\fam\ttfam\tentt}’

“w ‘-l L . ¥ - A J -
e ﬁ'r'.' __/'_.. \I~f~f_ »



-ruu\n.n L REa Al Sal Yof G 0 6.0 4 g'

\textfont\bffam=\tenbf \scriptfont\bffam=\sevenbf
\scriptscriptfont\bffam=\fivebf \def\bf{\fam\bffam\tenbf}/,

\tt \ttglue=.5em plus.25em minus.15em

\normalbaselineskip=12pt

\setbox\strutbox=\hbox{\vrule height8.5pt depth3.5pt widthOpt}%

\normalbaselines\rm}

PY A PP FEENE ol YNNI -

4
a

) \def\ninepoint{\def\rm{\famO\ninerm}’ switch to 9-point type
\textfontO=\ninerm \scriptfontO=\sixrm \scriptscriptfont0=\fiverm
\textfonti=\ninei \scriptfonti=\sixi \scriptscriptfonti=\fivei
\textfont2=\ninesy \scriptfont2=\sixsy \scriptscriptfont2=\fivesy
\textfont3=\tenex \scriptfont3=\tenex \scriptscriptfont3=\tenex
\textfont\itfam=\nineit \def\it{\fam\itfam\nineitl}¥
\textfont\slfam=\ninesl \defl\sl{\fam\slfam\ninesl}’
{ \textfont\ttfam=\ninett \def\tt{\fam\ttfam\ninett}),
\textfont\bffam=\ninebf \scriptfont\bffam=\sixbf
\scriptscriptfont\bffam=\fivebf \def\bf{\fam\bffam\ninebf}%
\tt \ttglue=.5em plus.25em minus.15em
\normalbaselineskip=11ipt
\setbox\strutbox=\hbox{\vrule height8pt depth3pt widthOptl}%
\normalbaselines\rm}

AT

E

- o o

\def\eightpoint{\def\rm{\famO\eightrm}/, switch to 8-point type
\textfontO=\eightrm \scriptfontO=\sixrm \scriptscriptfontO=\fiverm
\textfonti=\eighti \scriptfonti=\sixi \scriptscriptfonti=\fivei
\textfont2=\eightsy \scriptfont2=\sixsy \scriptscriptfont2=\fivesy
\textfont3=\tenex \pcriptfont3=\tenex \scriptscriptfont3=\tenex
\textfont\itfam=\eightit \def\it{\fam\itfam\eightitl}y,
\textfont\slfam=\eightsl \def\sl{\fam\slfam\eightsl}’
\textfont\ttfam=\eighttt \def\tt{\fam\ttfam\eighttt}’
\textfont\bffam=\eightbf \scriptfont\bffam=\sixbf

\scriptscriptfont\bffam=\fivebf \def\bf{\fam\bffam\eightbfl}V,
\tt \ttglue=.5em plus.25em minus.15em
\normalbaselineskip=9pt
\setbox\strutbox=\rhox{\vrule height7pt depth2pt widthOpt}%
\normalbtaselines\rm}

vdef\sevenpoint{\def\rm{\famO\sevenrm}’ switch to 7-point type
\textfontC=\sevenrm \scriptfontO=\fiverm \scriptscriptfont0=\fiverm
\textfontl=\seveni \scriptfonti=\fivei \scriptscriptfonti=\fivei
“textfont2=\sevensy “scriptfont2=\fivesy \scriptscriptfont2=\fivesy
\textfont3=\tenex \scriptfont3=\tenex \scriptscriptfont3=\tenex
\textfont\itfam=\sevenit \deflit{\fam\itfam\sevenit}y,
“textfont\slfam=\sevensl \defl\sl{\fam\slfam\sevensl}¥
\textfont\ttfam=\seventt Ndefltt{\fam\ttfam\seventtl}¥
\textfont\bffam=\sevenbf \scriptfont\bffam=\fivebf

“scriptscriptfontibffam=2fivebf \def\bf{\fam\bffam\sevenbf}’

Mttt \ttglue=. 5em plus. 25em minus.15em
\normalbaselineskip=8pt
\sethox\strutbox=\‘hbox{ vrule height7pt depth2pt widthOpt}%
‘normalbaselines‘im}
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\input prolog

\pageno=2

\centerline{\headfont CONTENTS}

\bigskip

\baselineskip=12pt

\parindent=0pt

Numerical and Algebraic \dfil \ 3 \par

Vector Identities \dfil \ 4 \par
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Maxwell’s Equations \dfil 19 \par
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Beam Instabilities \dfil 48 \par
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\centerline{\headfont NUMERICAL AND ALGEBRAIC}

\bigskip

\N Gain in decibels of {$P_28\/} relative to {2P_13\/}
$$G = 10 \log_{10} (P_2/P_1).%%

\medskip
\N To within two percent

$$(2\p1)"{1/2} \approx 2.5;\ \p172 \approx 10;" &’

2°{10} “approx 10°3{.}$3

“medskip

WFoEuler-Mascheronl censtant$’1 hgamma = 05770

\bigskip

‘Y Gamma Function $\Gamma (x + 1)
t¢\vhalien{\gqquadiquad# hfil&\ =\ #\hfil &\qquad#‘hf1l¥’ =

i Gamra(1/6)3$45. 56863
3 Gawma{1/5)3%4.5908
$Gamma(1/4)%%3.6256
$\Gamma(1/3)$£2.6789
$ . Gamma (2/5)8%%2.2182

\medskip
\N Binomial Theore:

+ \ldots.$$

“medskip

&$\Gamma (2/5)%&1.
Z2$\Gamma(2/3'%4!

x\Gamma(x)$:

St

2

anyel X

4297 cx

L3841y

£$\Gamma(2/4)%&1 .
&$\Gamma(4/5)$&1.
£$\Gamma(5/6)$&1.
\Gamma{1/2)8e$1.7725=\sqre{\p1}¢ &$\Gamma(1)$&1 O\cr}i$

22541
1642 -r
1287 \¢cr

IR

"t Rothe-Hagen 1dentity$ 2\ $(gocd for all complex $x$, $73,

Sirgs lar):

) cwncaunn {w

B e R LA SR T S TR G ALY

cea mub(z) quad i

viil e yectrend

“ran \muapllr

mn)at 3% [good for $heud oo

pfoyd J(-1)"n J_{Nalpha-Ngamma niluo;

J} {xN\over{x+kz}} {{x+kz} ‘“choose k} {7y >
e —kbr Ner B=d{dx+yFlover{xtyrnnrt {dxerena

J o«

J {0 alphatiparea v

$z% excepr

*

{good for $\mid x\mid<i$ or $\alpha =% positive integ-r’
$$(1+x) \alpha=\sum “in‘ty_{k=0}{\alphalchoose k}x"k \equiv 1 + ‘alpha x -
{{\alpha(\alpha-1)}\over {2!}}x"2 + {{\alpha(\alpha-1)(N\alpha-2)} “over f2':}y"2
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NUMERICAL AND ALGEBRAIC

Gain in decibels of P> relative to P,

G = 10log;o( P2/ ).

To within two percent

(2m)? ~ 2.5 7% ~ 10; €° &~ 20: 2'° & 105,

Euler-Mascheroni constant® v = 0.57722

Gamma Function I'(z + 1) = z'(z):

'(1/6) = 5.5663 '(3/5) = 1.4892
['(1/5) = 4.5908 '(2/3) = 1.3541
[(1/4) = 3.6256 ['(3/4) = 1.2254
r'(1/3) = 2.6789 r'(4/5) = 1.1642
r(2/5) = 2.2182 r'(5/6) = 1.1288
I'(1/2) = 1.7725 = /7 r'(l1) =1.0

Binomial Theorem (good for | £ {< 1 or a = positive integer):

2! 3!

n

€ x4 kz Y Y4+ (n—~R)z
Z;c-{—kz( & >y+(n,—l.:)z( n—k )

A=0

I+ oy <;1:+!/+11.:)
T+ y+ nz n '

1

. . . . 3 . .
Newberger's simmation formula” [good for j nonintegral. Re (a+3) > ~1]:

§ (_l)n'lu—-,n(z)-],} n(z) n
ask - ']u+",-;l(‘:)-l‘¢~-‘.“(»:)-

n+pn sin

— — I
(1+m)":§ ((Y)ac’*51+ax+ﬂ9——2x2+a(a D=2 s,

Rothe-Hagen identity® (good for all complex z, y. z except when singular):

A

»
RS A

]

H

Zeed

) \"l

XX R AR Ry

s ." ) .o .':": .‘l' ‘vf.

.," X ..’ & --‘ 0 .-f. ‘

% ol ,' .f-"’. “~

" '.




SO TETR AR T RT E NeR iR Y T
r N AR o DL eSSl oS et ' e Sun fap g Lalin® e et b el ik aes B a7 P oieb e

PR

\input prolog
\hoffset=1.125truein\voffset=1truein\hsize=6.0truein\vsize=9.0truein
\pageno=4

\centerline{\headfont VECTOR IDENTITIES$ 4%} \bsk

\N Notation: $f,\ g,$ are scalars; \A, \B, etc., are vectors; \T\ is a
tensor; {\tf I}\ 1s the unit dyad.

) -
e bu L

% ‘\T' IS SET A MAGNIFIED EIGHT-POINT CHARACTER, SINCE WE LACKED A Q?
%, SEVEN-POINT BOLD SANS-SERIF FONT. IT IS FOLLOWED BY ‘\ ’ TO LEAVE :ﬁ
% A SPACE FOLLOWING. o
\msk\ssk Q&

\N\quad $\ph{1}$(1)

$\A\cdot\B\times C=" A times \Bicdot\C=\B\cdot\C\times\A=\B ::
\times“ClcdotiA="Clcdot ANt imes \B=\C\times\&\cdot\B$ \msk e
\N\quad $\ph{1}$(2) e
$NANtimes(\Bht1imes ' C)={\C times B)\t1mes\A=(\A\cdot C)\B-(\A\cdot\B)\C$ \msk 2‘

[

\N\guad $\ph{1}$(3)
$ \A\times(\B\t1imes\C)+\B\tames{\C\times\A)+\C\times(\A\times \B)=03% ‘msk
\N\quad $\ph{1}$(4)
$(\A\times\B)\cdot (\C\times\D)=(\A\cdot\C) (\B\cdot\D)~
(\A\cdot\D) (\B\cdot\C)$ \msk
\N-quad $\ph{1}$(5)
$("sMtimes\B)\times (\C\times\D)=(\A\times\B\cdot\D)\C-
(A& times\B\cdot\C)\D$ \msk
“N\quad $\ph{1}$(6) $\del (fg)=\del (gf)=fl\del g +g\del f$ \msk
\N\quad $\ph{1}$(7) $\diver(f\a)=f\diver\A+\A\cdot\del f$ \msk
\N\quad $\ph{1}$(8) $'\curl(f\A)=f\curl\A+\del f\times\A$ \msk
\N\quad $\ph{1}$(9) $\diver(\A\times\B)=\B\cdot\curl\A-\A\cdot\curl\B$ \msk
\N\quad(10)
$\curl (\A\times\B)=\A(\diver\B)-\B(\diver\A)+(\B\cdot\del)\A-(\A\cdot\del)\B$
\msk
\N\quad(11) $\A\times (\curl\B)={\del\B)\cdot\A-(\A\cdot\del)\B$ \msk
\Nlquad(12) $\del(\A\cdot\B)=\A\times(\curl\B)+\B\times(\curl\A)+
(MA\cdot\del)\B+(\B\cdot\del)\A$ \msk
SHhguad(13) $h\del”2¢- diver\del f$ \msk
"N oquad(14) $hdel 2NA=N\del (\diver\A)-\curl\curl\A$ \msk
Hlquadil8) $icurlidel £=0% ‘msk
YN quad {16 $hdivericurlVA=0$ \msk
\N If {.bf ed_1i3, e$_2%, e$_3¢} are orthonormal unit vectors, a second-crder
tensor AT\ can be written in the dyadic form
\msk
\Nh\quad(17) AT\ $=\sum_{1,)3\T_{1j}${\bf e$_13e$_3$} \msk
\N In cartesian coordinates the divergence of a tensor 1s a vector with

components

msk

“Niquad(18) $( diver$ \T\/)$_1="sum_{j}(\partial T_{j1}/\partial x_:1% “msk

“N{This definition 1s required for censistency with Eq. {(28)]. In gerneral
“msk

Woquad(19) $N\diver (VANB) - (Ndiver\NAI\B+ (\ANcdotidel)VBS msk

WA quad (20) 3 duver (F3NT/3) - del flcdot$NT /et ddinr ®° 7

‘wviilheject end
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VECTOR IDENTITIES?

Notation: f, g, are scalars; A, B, etc., are vectors; T is a tensor; /is the
unit dyad.

(1) AABXxC=AxB-C=B-CxA=BxC-A=C-AxB=CxA-B
2)Ax(BxC)=(CxB)xA=(A-C)B—- (A :-B)C

B) Ax(BxC)+BxXx(CxA)+Cx(AxB)=0

(4) (AxB) - (CxD)=(A-C)B-D)- (A -D)B-C)
(5)(AxB)x(CxD)=(AxB-D)C-(AxB-C)D

(G) V(fg)=V(gf)= fVg+gVf
(7T V- (fA)=fV-A+A-Vf
(8) Vx(fA)= fUXA+VFfXA

() V.- (AxB)=B.-VxA-A-VxB

(10) VX (AxB)=A(V-B)-B(V-A)+(B-V)A-(A-V)B
(11) Ax(VxB)=(VB)-A-(A-V)B

(12) VIA-B) = AXx(VxB)+Bx(VxA)+(A-V)B+ (B-V)A
(13) V2 f =V .Vf

(14) VA =V(V - A) - VxVxA

(15) VX Vf=0

(16) V- VXxA=0

If ¢, e2, e3 are orthonormal unit vectors, a second-order tensor T can
he written in the dyadic form

(17) T = Z Tije;e;
i,

In cartesian coordinates the divergence of a tensor is a vector with com-
ponents

re

(18) (V- T), = Zj(aTji/axj)

[This definition is required for consistency with Eq. (29)]. In general

(19) V-(AB) = (V-A)B+ (A -V)B
(20) V- (fT)=Vf-T+fv-T

T ]
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\N Let ${\bf r}={\bf i}x+{\bf jry+{\bf k}z$ be the radius vector of magnitude
$r$, from the origin to the point $x,y,z$. Then

\medskip

\N\quad(21) $\diver{\dbf r}=3%

\medskip

\N\quad(22) $\curl{\bf r}=0%

\medskip

\N\quad(23) $\del r={\bf r}/r$

\medskip

\N\quad(24) $\del(1/r)=-{\bf r}/r"3%

\medskip

\N\quad(25) $\diver({\bf r}/r-3)=4\pi\delta({\bf r})$

\medskip

\N\quad(26) $\del{\bf r} = $\ {\tf I}

\medskip

\N If $V$ is a volume enclosed by a surface $S$ and $d{\bf S}={\bf n}ds$,
where {\bf n} is the unit normal outward from $V,$

\medskip

\N\quad(27) $\dint_V dV\del f=\dint_S d{\bf S}f$

\medskip

\NM\quad(28) $\dint_V dV\diver\A=\dint_S d{\bf S}\cdot\A$

\medskip

\'\quad(29) $\dint_V dV\diver$\T\ $ =\dint_S d{\bf S} \, \cdot$\T
\medskip

\N\quad(30) $\dint_V dV\curl\A=\dint_S d{\bf S\times A}$

\medskip

\N\quad(31) $\dint_V dV(£f\del~2 g - g\del"2 f)=\dint_S d{\bf S}\cdot(f\del
g-g\del £)$

\medskip

\N\quad(32) $\dint_V dV(\A\cdot\curl\curl\B-\B\cdot\curl\curi\a)$
\vsk:.p02.0001in \gquad\qquad\qquad\yquad\gquad

$=\dint_Sd{\bf S}\cdot (\B\times\curl\A-\A\times\curl\B)$
\medskip

\N If $S$ is an open surface bounded by the contour $C$, of which the line
element is $d{\bf 1}%,

\medskip

\N\quad(33) $\dint_S d{\bf S}\times\del f=\doint_C d{\bf 1}1$
\vfill\eject\end

A

o~

T
) -

'h)\..‘-‘,'\‘,

PR I PRI L S
NI M AT N A OIAEN



'g
o
7
Let r = iz + jy + kz be the radius vector of magnitude r, from the origin
to the point z,y, 2. Then

(21) V.-r=3 W

(23) Vr =r/r :

(24) V(1/7) = —¢/r® s

(25) V- (r/r®) = 476(r)

(26) Vr = /
If V is a volume enclesed by a surface S and dS = ndS, where n is the '.
unit normal outward from V, /

(27) / dVV f = / dSf Py

v s 5
(28)/dVV-A=/dS-A N
Y
v S o

(29) / dvv.-T = / ds-T
1% s 5
(30) / dVV x A = / dS x A =
v s g
N
o ~
(31) / (lV(fV“g—szf)=/ds-(ng—gi) N
J v s -
KN
Kt
(32) dV(A - VXV XxB~-B:-VxVxA) A
v '
:/dS-(BxVxA—AxVxB) >
s s

If S is an open surface bounded by the contour C, of which the line

clement is dl,
-
N,
(33) /dS x Vf = jé dlf N
s c J
Y
Pt
3
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L
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\pageno=6 N
\N\quad(34) $\dint_S d{\bf S}\ecdot\curl\A=\doint_C d{\bf 1}\cdot\A$ ::
\medskip i&
\N\quad(35) $\dint_S(d{\bf S}I\times\del)\times\A=\doint_C d{\bf 1}\times\a$ -::
\medskip Eﬂ
\N\quad(36) $\dint_S d{\bf S}\cdot(\del fl\times\del g)=\doint_C fdg=-\doint_C 18
gdf$ "
\bigskip\bigskip

\centerline {\headfont DIFFERENTIAL OPERATORS IN}
\vskip 1pt
\centerline {\headfont CURVILINEAR COORDINATES$ 5%}
\bigskip /
\N{\headfont Cylindrical Coordinates}
\medskip
\N Divergence

%

% Note that the \leftdisplay macro from PROLOG.TEX is used to produce

% left-justified displayed equations.

A
\leftdisplay{\diver\a={1\over r} {\partiallover{\partial r}} (rA_r) + {i\over r}
{{\partial A_\phiX\over{\partial\phi}} + {{\partial A_z}\over{\partial z}}}
\N Gradient
\leftdisplay{(\del £)_r = {{\partial f}\over{\partial r}};\quad (\del f)_\phi =
{1\over r}{{\partial fH\over{\partial\phi}};\quad (\del f)_z = {{\partial f}
\over{\partial z}}}
\N Curl
\leftdisplay{(\curl\A)_r1={1\over r}{{\partial A_z}\over{\partial\phi}} -
{{\partial A_\phi} \over{\partial z}}}
“leftdisplay{(\curl\A>_\phi={{\partial A_rX\over{\partial z}}-{{\partial A_z}
‘over{ partial ri}’
\leftdisplay{(\curI\A)_z={1\over r}{\partiallover{\partial r}} (rA_\phi) -
{ivover r} {{\partial A_r}\over{\partiall\phil}}}
\emallokip
\N Laplacian
vleftdisplay{\del 2 f = {1\over r}{\partiallover{\partial r}}\left(r{{\partial
fFover{\partial r}}\right) + {1\over{r 2}}{{\partial~2 f}\over{\partial\phi~2}
} + {{\partial~2 fX\over{\partial z"2}}}
*ofil\eject\end
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(34)/dS-VXA=\%dl-A
S C
(35)/(deV)xA=%dle
S C
(3G)de-(foVg)=%fdg:—%gdf
S C C

DIFFERENTIAL OPERATORS IN
CURVILINEAR COORDINATES®

Cylindrical Coordinates

Divergence
10 104, JdA,
V- A= -—(7rA, -—
r 01'(1 )+ r O¢ t 0z
Gradient
af 10f af
V), = —; AV = ~ = Vf). = —
(Vi) =50 (FPe= 1500 (V)= 5
Curl
1 0A. dA,
(VxA) = 194, _ 2
r O¢ Jz
JA, A.
(V % A)’:, — __14._. — ..O__L
Jz ar
1 0 ,
(V x A). = - Y ) — 12‘_4_._
rdi r Jd¢

10 (0 1 9%f  0°
Vif=-— 9t + = / + A
ror or r2 O¢p? 0z2
6
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\input prolog p
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\voffset=1truein 2
\hsize=6.0trueln ;
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\pageno=7 >
\N Laplacian of a vecter j
% 2

% Note that the “leftdisplay macro from PEOLTG.TEX 1s used to :

% left-justify displayed equations. o

Y -
\leftdisplay{(“del 2' 4  r=\del 2 A_r - {2%aver r 2¥{{\partial A_\phi}.over g

{\partial\phi}}- {{a_r}\over{r 2}}}

\leftdisplay{(\del 2%4) _‘pha="del”2 A_\ph: + {2"aver r-2}

{{\partial A_rP\over{:partaaldiphi}} ~ {{A_ phi}.-ver{r 233}
\leftdisplay{{\del "2VA) _z=\del 2 A_z}

\medsk1p

"N Components of $ “A%cdnt\del)\B$

\leftdisplay{(\A\cdot del\B)_r=A_r {{\partial B_r}\over{\partial r}}+{{a_-ph1}
\over r}{{\partial BE_r}\over{\partial\phi}}+A_z{{\partial B_r}\over{\partial z}
¥-{{A_\ph1 B_“phitiover r}}

\leftdisplay{(“A\cdut dei\B) _\phi=A_r{{\partial B “phi}tover{‘partial r}}i+
{{A_\phiX\over r}{{ partial B_\phiXlover{\partialiphi}}+4_z{{ part:al B_‘pha}
\over{\partial z}}+{{A_\ph1 B_r}\over r}}

\leftdisplayf{(\A\cdot del\B) _z=A_r {{\partial B_z}‘over{:partial r}}+{{4_ phi’
\over r}{{\partial B_z}'over{\partial\phi}}+a_z{{\partial B_z over{\partial
z}}}

\smallskip

\N Divergence of a *unror

Vleftdisplay{(“diver hbox{\tf T\/})_r={1\over r}{\partialiover{\partial r}}
(rT_{rr})+{17over r*< partial T_{\ph1i rMNover{\partialiphi1}}+{{\partial T _{zr}}
\over {“partial z}} {T_{ prisphit\over r}}

“lefrdisplay{(Mdiver hbex{wtf T\/})_\phi={1\over r}{\partiallover{\partial r}}
(rT_{c\phili+itrover rH{{ partial T_{\philphi}Piover{\partial\phi}}+{{ partial
T {zphitPiover {Mp+ 1al 2¥}+{7T_{\phi r}P\over r}}

“leftdisplay{{ “diverivbox{\tf T\/})_z={1\over r}{ partiallover{\partial r}}
T Arz})eithover ri{{ partial T_{\ph1 2}}\over{ partial\phi}}+{{\partial
T_iretiiover{ipartial z}}}

3
vfilterwstiend
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2 0A A
2 = v? _ 2 e I
(VPA). = VP4, - S5 =

(VZA)y = Vi Ay + =

(VZA), = VA4,

Components of (A - V)B

0B, Ay 0B, 0B, Ay By
A- * VB r = Ar Az
( ) or r O0¢ + dz r
JB, Ay OBy 0B, Ay B,
A . B = Ar AZ
( VB)o or r O¢ t Oz + T
0B, Ay O0B. 0B.;
A - VB). = A, - z A, —=
( ) ar r O¢ Jz
Divergence of a tensor
1 0 10T, oT. . P
v -T),=—-——(rT,, - AN
( ) r 07'(, )+ r O¢ dz r
1 0 19T, aT., - T,
v-T), =-—0T,., - e
{ ): r 01'(, )+ r O Jz + r
1 0 1 9T,,. oT. .
V-T).=-—(T.. LM —
( 2= g )+ Ty 0z
7
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\input prolog
\hoffset=1.125truein\voffset=1truein\hsize=6.0truein\vsize=9.0truein
\pageno=8
\N{\headfont Spherical Coordinates} \msk
\N Divergence
%
% VNote that the \leftdisplay macro from PROLOG.TEX is used to
% left-justify displayed equations.
%
\leftdisplay{\diver\A={1\over{r-2}}{\part\over{\part r}>(r"2 A_r) +
{1\over{r sin\theta}}{\part\over{\part\theta}}(\sin\theta{A_\thetal}) +
{1\over{r\sin\theta}}{{\part A_\phi}\over{\part\phi}}}
\N Gradient
\leftdisplay{(\del f)_r={{\part f}\over{\part ri};\quad
(\del f)_\theta={1\over r} {{\part f}\over{\part\theta}};\quad
(\del f)_‘phi={1‘cver{r\sin\theta}} {{\part f}\over{\part\phi}}}
\N Curl -
\leftdisplay{(\curl\a)_r={1\over{r\sin\theta}}{\part\over{\part\theta}} -
(Msin\theta A_\phi)-{1\over{r\sin\theta}}{{\part :
A_\theta}\over{‘part\phi}}} ;:
\leftdisplay{(icurl\a)_\theta={1\over{r\sin\theta}}{{\part
A_rPover{\partiphi}}-{1\over r}{\part\over{\part r}}(rA_\phi)}
\leftdisplay{(\curl\A) _\phi={1\over r}{\part\over{\part r}}
(rA_\theta)-{1\over r}{{\part A_rMover{\part\theta}}} \msk
\N Laplacian
\leftdisplay{\del~2 f={1\over{r-2}}{\part\over{\part r}}\left(r-2
{{\part fRover{\part r}}\right)+{1\over{r-2\sin\theta}}{\part
\over{\part\theta}}\left(\sin\theta{{\part £}\over{\part\theta}}
\right)+{1\over{r 2\cin"2\theta}}{{\part~2 fN\over{\part\phi~2}}}
\N Laplacian of a vecror
\leftdisplay{(tde! ".\A)_r=\del 2A_r-{{2a_rH\over{r-2}}-{2\over{r 2}}{{\part
A_\theta}'over{\part\theta}}-{{2\cot\theta A_\theta}\over{r-2}}-
{2Vover{r 2\sin\theta}}{{\part A_\phi}\over{\part\phi}}}
deftaizsplay{(\del 2\A) _\theta=\del"2A_\theta+{2\over{r-2}}{{\part A_r}\over
{\part\theta}}-{{A_\theta}\over{r 2\sin"2\theta}}-{{2\cos\theta}\over
{r-2\sin"2\theta}}{{\part A_\phiF\over{\part\phi}}}
\leftdisplay{(\del 2\A) _\phi=\del 24 \phi-{{A_\phiF\over{r 2\sin"2\thetal}}+
{2\over{r-2\sin\theta}}{{\part A_rFover{\part\phi}}+{{2\cos\theta}\over
{r'2%z1n"2\theta}}{{\part 4_\theta}\over{\part\phi}}}
\vfil\ejecthend
-
®




Spherical Coordinates .
Divergence :
V-A= 1‘%%(7'2/&,‘) + rsi1119 %(sin 649) + - si1119 0;;‘ 3
Gradient E"
(V1) = %’Ji’ (VHe = lg%’ (Ve = rsi1119 Z_(J;)
;s:
(VX A) = T siln 6 %(sin 64,) - T silng a(;;e 'r_
(Vx Ay = = (rAg) = = 22 :
Laplacian
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\input prolog ;;
\hoffset=1.125truein\voffset=1truein\hsize=6.0truein\vsize=9.0truein <
\pageno=9 -
1

\N Components of ${\A\cdot\del)\B$ '!
" .

% Note that the \leftdisplay macro from PROLOG.TEX is used to j:

% left-justify displayed equations. &j

% '

’

\leftdisplay{(\A\cdot\del\B) _r=A_r{{\part B_rFover{‘part r}}+{{A_\theta} £

\over r}{{\part B_r}\over{\part\theta}}+{{A_\phi*\over{r\sin\thetal}}

{{\part B_rF\over{\part\phi}}-{{4_\theta B_\theta + A_\phi B_\phi}\over r}}
\leftdisplay{(\A\cdot\del\B)_\theta=A_r{{\part B_\theta}\over{\part r}}+

{{A_\thetal} ' over r}{{\part B_\theta}\over{\part\thetal}}+

{{a_\phiX\ove {r\sin\theta}}{{\part B_\theta}\over{\part\phi}}+

{{A_\theta B_r} over r} - {{\cot\theta A_\ph1 B_\phi}\over r}}
\leftdisplay{(\A\ccot\del\B) \phi=A_r{{\part B_\phi}\over{\part r}}+

{{aA_\theta*\over r*{{\part B_\phil\over{\part\thetal}}+

{{A_\phiX\over{r\sin\theta}}{{\part B_\phi}\over{\part\phi}}+

{{A_\phi B_r}\over r} + {{\cot\theta A_\phi B_\thetal}\over r}}

\N Divergence of a tensor

Vlettdisplay{(\diver\hbox{\tf T\/}) :r={1\over{r-2}}{\partlover{\part r}}
(r-2 T_{rr})+{1\over{r\sinttheta}}{\partl\over{\part\the.a}}
(\sin\theta T_{\theta r})}

\leftline{ hskip3.5truein$\displaystyle+{i\over{r\sin\theta}}{{\part
T_{\phi r}}\over{\part\phi}}-{{T_{\theta\theta}+T_{\phi\phi}}\over r}$} \msk

\leftdisplay{(\diver\hbox{\tf T\/}) \theta={1\over{r 2}}{\part\over
{\part r}} (r"2 T_{r\thetal})+{t\over{r\sin\theta}}{\part\over{\part
\theta}}{(VsinVtheta T_{\thetal\thetal})}

nleftline{ heokipl Strueintddisplaystyle+{1\over{r\sin\theta}}{{ part
T_{"phitthetatPover{ part \phi}}+{T_{\theta r}\over r}-
{{\cot\theta}T_{.phiiph:i}\over r}$} \msk

Terndisr oy Odireri s haxdNnf TV ) \phi={1\over{r-2}}{\parttcover{ part r -
roe To<rontorse o osversvhsantthetali{\partiaver{ part’ thesal}
Coan i vphati}
ernTaed Loyt Cervaeand dioylayotyles{\overd{rizantthesaly
crdrnr e pha bk JIT 0 phi r P aver 1
letarT i shersortiover it}
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% See prolog.tex for macro definitions

pA
\input prolog
\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein vsize=9 Ciruelin

‘pageno=10

\centerline{\headfont DIMENSIONS AND UNITS} ‘msk'1indent

To get the value of a quantity in Gaussian units, multiply the value ex -~prezoed

in SI units by the conversion factor. Multiples ¢f 3 in the convers:icon )

fac\-tors result from approximating the speed of light
$c=2.9979\times10 {10}\,8cm/sec $\approx3 \times10 {10}\,$cm/sec.
7 .
% This is the first and most complex example of a ruled table. Ruled
%, tables make use of \halign to position the information in the columns
% and the vertical rules separating them. \vbox is used in dsuble

% dollar signs ($$) in order to center the table on the page.

s
‘s

.vbox{\tabskip=0Opt \offinterlineskip
Y

$3

% \tabskip=0pt 1s used to avoid a space to the left of the first vrule.

. \offinterlineskip is used to allow the vertical rules ts run

w uninterrupted through the table.

whalign tohsize{#Z'vrule#\tabskip=0.25em plusiem&8#\hf1l¥ vrule#k

=]

# . hf1lg \vrulenk$idisplaystyle{#s$\hfil&\vruler&$ displaystrleiard hfild vrules
zaihfil¥tvrulesge \hfi1lg\vrules&®\hfil& \vruled tabskip=0pr or
.
' This “kalign preamble alternates colurnz containing wwvrules with color:n
", containing actual table entries. The vertical bar ‘1’ has heen definsc
Y. as two ampersands ‘k&%’, and indicates columns <ontainirng
YW enly a ~wvrule. Az 15 u-aal, “cr ends each line. Note alss tiot rany

', measurements {such as ‘bs{0.2truein}) were arrived at by trial ond
' error, to align the heading entries correctly.

e S
R P el hem | tmulty "x an2\om|vom, '~
S ‘tispan3 hfil Dimensions “hfill. mo, i &2
B “hd o, Thfal Sym> hidewidth | \wultlspnn?}
pisi LT ifil Cunversion \hlﬁpwlﬂth I \hfil Gaussian & crx

“Lapn{ovorip-1l.fex'meverightl.88trueinivhox{“hrule widrhl tifrr e}

“ multispan3 15 uned to allow "Dimensicns” to span three Coi.rns wWns L.
" two columns with entries, separated by one containing a vrule
W “noalien we add the extra horizontal rule under "Dirmennion:”

W correct place. {(The numbers were found by trial and error. ;]
- .

« 1es: hard-wired appreoach to placing these lorizental rules 1s found

' 1in the tables on pp.49-50.
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\tska{7}{1ex}

\s!\hfil Quantity [\hfil bol |\om\hfil SI \hfil |\om\hfil Gaussian
%
% \tska is a macro used as a tableskip. It skips a variable distance
% wvertically in a table, continuing all rules, in order to improve the
% spacing, and is adjusted so that the spacing is pleasing to the eye.
% At the beginning of each line is the macro \m or \s. These are struts,
% invisible hboxes of fixed height, which determine the height of each
% 1line. \m is slightly taller than \s. Again, they were chosen by eye.
% \bs is defined as \noalign{\vskip-#1} in prolog.tex. It enables us
% to "back up" in tables.

\hfil | \hfil Units | \hfil Factor | \hfil Units &\cr

% The preamble automatically puts an \hfil to the right of each entry,
% so we need add \hfil only on the left, to center them.

% We skip down, leaving a double rule beneath the table header. The
% body of the table follows:

\m! Capacitance \hidewidth | $C$ |{t"2q"2 \over m1°2} | 1 |
farad | $9\times10"{11}$ | cm & \cr

% DNote the use of \hidewidth. TeX allocated more space than necessary
% 1f we allowed it to position the text itself, so we use \hidewidth to
% conceal the length of the longer entries. This prevents "overfull

% hbox' errors.

\m! Charge | $q% | q | {m~{1/231°{3/2} \over t} | coulomb
\hidewidth | $3\times10°9% [ statcoulomb \hidewidth & \cr \tska{7}{2pt}
\s| Charge | $\rho$ | {q \over 173} | {m~{1/2} \over 1-{3/2}t} |
coulomb \hidewidth | $3\times10°3$ | statcoulomb \hidewidth & \cr \bs{1.S5ex}

\si \quad density | | | | \quad /m$°3% | | \quad /cm$-3% & \cr
pA
% Charge density is spread out over two line . \bs{1.5ex} is used
% to position the two lines more closely.
%
\m| Conductance \hidewidth | | {tq~2 \over m1-2} ! {1 ‘over t} |

siemens | $9\times10°{11}$ | cm/sec & \cr \tska{7}{2pt}
“m| Conductivity | $\sigma$ | {tq 2}\over{m1-3} | 1\over t |
siemens | $9\times1079% | sec$ {-1}$ & \cr \bs{2.0ex}
Nsi | 11 I\quad /m | | & \cr
“m| Current | $I,i%3 | gq\over t [ {m {1/2}1°{3/2}F\over{t 2}|
ampere | $3\times10°9% | statampere & \cr \tska{7}{2pt}
Vgl Current | ${\bf J},{\bf j}$ | ql\over{l 2t} | {m"{1/2}} ‘over
{1°{1/2}t"2} | ampere | $3\times10°5% | statampere & \cr \bs{1l.5ex}

10b
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\s| \quad density | | | [\quad /m$"2% | | \quad /cm$°2% & \cr
\m| Density | $\rho$ | m\over{1°3} | m\over{173} | kg/m$ 38 |
$10°{-3}8 | g/cm$"3% & \cr
\s| Displacement \hidewidth | {\bt D} | q\over{1°2} | {m~{1/2}}
\over {1°{1/2}t} | coulomb \hidewidth | $12\pi\times10°5¢ \hidewidth |
statcoulomb \hidewidth & \cr \bs{1.75ex}
\sl { | | I\quad /m$-2¢ | | \quad /cm$°2% & \cr
\m| Electric field | {\bf E} I{ml}\over{t-2q} [{m~{1/2}}\over{1-{1/2}t}
volt/m | $\displaystyle{1\over3}\times10°{-4}$ | statvolt/cm & \cr\tska{7}{2pt}
\m!| Electro- | {\cs E}, | {ml 2F\over{t-2q} | {m {1/2}1°{1/2}}
\over t | volt | $\displaystyle{ilover3}\timesi0°{-2}$ | statvolt & \cr
\bs{2.0ex}
\s! \quad motance |Emf [ | | | | & \cr
\m| Energy | $U,¥$ \hidewidth | {ml1 2Fover{t 2} | {m1-2} \over
{172} | joule | 310778 | erg & \cr
\m| Energy | $w,\epsilon$ [ m\over{lt 2} | mlover{l t"2} |
joule/m$" 3% \hidewidth | $108 | erg/cm$°38 & ‘\cr \bs{2.0Oex}
\s| \quad density | | | | } | & \er \tska{7}{2pt} “\cr “trule}}s$$
%
% End of Table.
%
\vfill\eject\end
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DIMENSIONS AND UNITS

To get the value of a quantity in Gaussian units, multiply the value ex-
pressed in SI units by the conversion factor. Multiples of 3 in the conversion
factors result from approximating the speed of light ¢ = 2.9979 x 10° cm/sec
~ 3 x 10*° cm/sec.

o

Dimensions
Physical Sym- SI Conversion| Gaussian
Quantity bol SI Gaussian Units Factor Units
2 2
. t"q” 11
Capacitance | C 2 l farad 9 x 10 cm
™m
1/213/2
m o
Charge q q — 5 coulomb | 3 x 10 statcoulomb
¢ ml/? \
Charge P — coulomb | 3 x 10 statcoulomb
: 3 13/2¢ 3 3
density /m /cm
tq ! : 11
Conductance IR siemens |9 x 10 cm/sec
ml2 |t
.. t(]2 1 . 9 -1
Conductivity | o - sicmens {9 X 10 e
ml3 |t /
m
1/273/2
. q m-/ =l 9
Current I.q " 7z ampere |3 X 10 statampere
. q mt/? 5
Current J.j —_— ampere |3 X 10 statzun')pere
. 12t [1/2¢2 2 2
density /m /cm
m m
Density P = 5] kg/m? 1073 g/cm?®
) q m/? 5
Displacement | D = VE coulomb | 127 x 10 statcoylomb
I 7=t /m” Jem”
. o ml m /2 1 —4
Electrie field | E = p volt/m - x 10 statvolt/cm
t3q 11/2¢ 3
. mi> mi/2 /2 1 s
Electro- E. = volt — X 1077 | statvolt
motance Emf | 174 t 3
. i ml? i l? ) -
Euergy U. W = 5 joule 10 org
m (213
Eunergy w. € — — joule/m?3| 10 erg/em®
r lt2 [t2
density
10
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\input prolog \pageno=11
\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9.0truein
\centerline{\ Mnointerlineskip
$$\vbox{\tabskip=0Opt \offinterlineskip
\halign to\hsize{#&\vrule#\tabskip=0.25em plusiem&#\hfil&\vrule#&
#\hfil&\vrule#&$\displaystyle{#}$\hfilg\vrule#&$\displaystyle{#}$\hfil&\vrule#
g#\hfil&\vrule#&#\hfil&\vrules#&#\hfil&\vrule#\tabskip=0pt\cr\bs{0.2truein}\trule
\om &height2pt &\om [ \om [ \multispan3 | \om | \em | \om & \cr
\s{\om !\om {\multispan3\hfil Dimensions \hfil |\om [\om |\om & \cr
\s | \hfil Physical | \hfil Sym- \hidewidth | \multispan3 | \hfil SI |
\hfil Conversion \hidewidth | \hfil Gaussian & \cr \bs{1.5ex}
\noalign{\moveright1.91truein \vbox{\hrule widthl.45truein}} \tska{7}{1.0ex}
\s | \hfil Quantity | \hfil bol | \om \hfil SI \hfil | \om \hfil
Gaussian \hfil [ \hfil Units | \hfil Factor [ \hfil Units & \ecx
\tska{7}{7pt} \trule \tska{7}{1.0pt} \trule \tska{7}{2pt}
\m| Force | {\bf F} | {mlM\cver{t 2} | {m1}\over{t~2}
newton | $10°5% | dyne & \crx
\m| Frequency | $f,\nu$ | f\over t | 1\over t | hertz | 1| hertz & \cr
\m| Impedance | $Z$ | {ml-2}\over{tq 2} | tl\over 1 | ohm]|
$\displaystyle{i\over 9}\times 10°{-11}$ \hidewidth [ sec/cm & \cr \tska{7}{2pt}
\m| Inductance | $L$ [ {ml-2}\over{q~2} | {t"2}\over 1 | henry !
$\displaystyle{1lover 9}\times 10°{-11}$\hidewidth |sec$ 2$/cm &\cr \tska{7}{2pt7
\s! Length | $1$ | 1 | 1 | meter (m) | $1072%
centimeter \hidewidth & \cr \tska{7}{2pt} \bs{1.0ex}

\st | L b1 T | \quad (em) & \er

\s!| Magnetic | {\bf H} | q\over{lt} | {m~{1/2}} \over{1-{1/2}t}
ampere-- | $4\pi\times107{-3}$ \hidewidth | ocersted & \cr \bs{1.5ex}

\s| \quad intensity [ [ [ [ \quad turn/m | | & \cr

\m{ Magnetic flux | $\Phi$ | {ml~2F\over{tq} | {m~{1/2}1"{3/2}}
\over t | weber | $10°8% | maxwell & \cr \tska{7}{2pt}

\m| Magnetic | {\bf B} | m\cvr.{tq} | {m~{1/2}FNover {1°{1/2}t} |
tesla | $10°4% | gauscs & \cr \bs{1.75ex}

\s} \quad indnction | ! | | | 1| & \cr

\m| Magnetic | &m, \mu® | {172 gX\over t | {m"{1/2}1°{5/2}}\over t |
ariper--m$7 28 Yho width | $10°3% | oersted-- & \cr \bs{1.75ex}

Vel Nquad moment. | | | | | |\quad cm$°3% & \cr

etization \hidewidth | {\bf M} ] q\over{lt} | {m~{1/2}}\over

2/25t} | ampere-- \hidewidth | $10°{-3}$ | ocersted & \cr \bs{1.75ex}

it 1 4+ | Mquad turn/m || & \er

\rt o tasneto~ | {Ncs M}, | qlover t | {m~{1/2}1°{1/2} N\ over{t"2}
ampere-- | 3\displaystyle{4 p1 \over 10}$ | gilbert & \cr \bs{2.0ex}

\s| “quad metance [Hmf [ { | “quad turn | | & \erv

‘m! Mars | $m, M$ \hidewidth i m | m | kilogram [$10°3%! gram (g)&\cr\bs{1.75ex}

St bbb Nquad (kg) | & Ner

\mi Monentum | $4\hf p}, {"v¢ P38 | {m1M\over t | {ml}\over t |
kg--m/e L Bi075Y L go-am/nen ko \er

\ml Momentum | | miover{1°2 t} | m\over{1°2 t} | kg/m$ 2%--s
$10°{-132 | g/erd 28--nec & “or \ba{l.7%ex?

\sl \guad densaty | | | | i | & \er

\m! Permeabilisy ! $\mu® | {m!}iover{q 2} | 1 | henry/m |
$\dicplaystyle{! YNover 4-pi1dhtimes 107{7\ph{C}}% | \gquad --- & \cr

\toka{7}{2pt} ‘trule}iit “vfil'ejectiend
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\input prolog \pageno=12
\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9.0truein
\centerline{\ }\nointerlineskip
$$\vbox{\tabskip=0pt \offinterlineskip
\halign to\hsize{#&\vrule#\tabskip=0.25em plusiem&#\hfil&\vrule#&
#\hfil&\vrule#g&$\displaystyle{#}$\hfil&\vrule#2$\displaystyle{#}$\hfil&\vrule#
g#\hfi1l&\vrule#&#\hfil&\vrule#&#\hfil&\vrule#\tabskip=Opt\cr\bs{0.2truein}\trule
\om &height2pt &\om | \cm | \multispan3 | \om { \om | \om & \cr
\si\om I\om |\multispan3\hfil Dimensions \hfil |\om [\om [\om & \cr
\s | “hfi1l Physical | \hfil Sym- \hidewidth | \multispan3 | \hfil SI |
\hfil Conversion \hidewidth | \hfil Gaussian & \cr
\bs{1.5ex}\noalign{\moveright!.69truein \vbox{\hrule widthi.45truein}}\tska{7}{1.0ex>
\s | \hfil GQuantity | \hfil bol | \om \hfil SI \hfil | \om \hfil
Gaussian \hfil | \hfil Units | \hfil Factor | \hfil Units & \cr
\tska{7}{7pt} \trule \tska{7}{1.0pt} \trule \tska{7}{2pt}
\m! Permittivity | $\epsilon$ | {t"2q 2 \over{m1-3} | 1 | farad/m |
$36\pi\times 10798% | \qquad --- & \cr
\m| Polarization | {\bf P} [ q\over{1°2} [ {m~{1/2}}\over{1-{1/2}t}
coulomb/m$~2$ \hidewidth |$3\times 10°5%8| statcoulomb\hidewidth &\cr\bs{1.5ex}
\st | L1 1 ]} \quad /cm$"2% & \cr
‘m| Potential |$V,\phi$ \hidewidth |{ml 2} \over{t-2q} I{m~{1/2}1-{1/2}}
\over t |volt I|$\displaystyle{i\over 3}\timesi10 " {-2}$ |statvolt &\cr\tska{7}{3pt}
\m| Power | $P$ | {ml-2}\over{t~3} | {ml-2M\over{t~3} | watt | $10°7% |
erg/sec & \cr

\m] Power } | m\over{l t°3} | m\over{l t~3} | watt/m$-3% | 10 |
erg/cm$~38$--sec \hidewidth & \cr \bs{1.75ex}
\sl \quad density | | | | | | & \er

\m| Pressure | $p, P$ \hidewidth { m\over{l t~2} | m\over{l t~-2} |
pascal | 10 | dyne/cm$"2% & \cr \tska{7}{2pt}
\s| Reluctance | {\cs R} | {gq"2X\over{ml~-2} | 1\over 1 |
ampere--turn \hidewidth |$4\pi\times 10°{-9}$ \hidewidth | cm$"{-1}$ &\cr\bs{1.5ex}
\s! { I 1 | \quad /weber | | & \cr
\m| Resistance | $R$ | {ml1-2F\over{tq~2} | tlover 1 | ohm |
$\displaystyle{1\over 9}\times 10"{-11}$ \hidewidth | sec/cm & \cr \tska{7}{3pt}
\m| Resistivity | $\eta,\rho$ | {ml1°3}\over{tg 2} [ t | ohm--m |
$\displaystyle{i\over 9}\times 10°{-9}% | sec & \cr \tska{7}{3pt}
\s| Thermal con- \hidewidth | $\kappa, k$ | {ml}\over{t 3}
{ml1}\over{t~"3} | watt/m-- | $10°5% | erg/cm--sec-- \hidewidth & “cr \bs{! fex*
\s| \quad ductivity | | [ | \quad deg (K) $\ph{0}$ | | \quad
deg (K) $\ph{0}$ & \cr \tska{7}{2pt}
\s! Time | $t$ | t | t | second (s) | 1 | second (sec)& \cr
\m! Vector | {\bf A} | {mlP\over{tq} | {m~{1/2} 1-{1/2}}\over ¢t |
weber/m | $10°6% | gauss--cm & \cr \bs{2 0Oex}
\s| \quad potential [ | | I | | & \er
\m| Velocity | {\bf v} | 1\over t | 1\over t [ m/s | $10°2% | cm/sec & “cr
\m] Viscosity | $\eta,\mu$ | m\over{l t} | m\over{l t} | kg/m--s | 10 |
poise & \cr \tska{7}{2pt}
\ml Vorticity | $\zeta$ | tl\over t | 1\over t | s$°{-1}8 | 1 | sec$ " {-1}% & “cx
\m{ Work | $W$ [ {ml-2}\over{t~ 2} | {ml"2}\over{t 2} | joule | $10°7% |
erg & \cr \tska{7}{2pt} \trule}}$$ \vfilleject\end
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Dimensions
Physical Sym- SI Conversion| Gaussian
Quantity bol | SI !Ganssian Units Factor Units
led D
e i 9
Permittivity | ¢ B 1 farad/m 367 x 10
il
o q mt/? ” -
Polarizauon | P = TEY, coulomb/m~ |3 x 10~ statcoulomb
/em?
) ) mil? | /212 1 o
Poteutinl Vi —- volt — x 1077 |statvoit
t-q t
X P ! ml? | nl? -
| Power 3| T watt 10 erg/sec
P m m tt/m? 0 Jem®
ower — | watt /i erg/cm” sec
. TERN TS 6 )
density
] om m n
Pressure po | = — pascal 10 dyne/cm-
[t= t=
- : 1 1 -9 -1
Reluctance R — L= aimpere furn 4w x 10 cm
ml= 1l /weber
i ]Il,l‘: t 1 —11
Resistance 5 — |z ohm - x 10 S(‘(‘/(‘lll
tq® | ! 9
o ml® _9
Resistivity nop | — |t ohm m — x 10 sece
tq- 9
. | . mnd ml , -

Flievinal con-f sk = |7 watt/u 10 erg/em K
ductivity dep (K) deg ()
Tihue ¢ ¢ t second (s) 1 second (see)

) ml /2 .
Vector A — | ————— |wcher/m 10 aliss Cl
. tg t
I)u‘l‘ll'l«ll
, _ [ l .
Velocity v - - m/s 10~ cin/sec
t t
v i 1 i ke 0 .
I~cosity . ft - - e/ nros [ YOS
| 1 It It B I
Pee X I I -1 1
Vorticity C — — s ] SeC
t t |
, . ml® | nl* . - |
Waork [} '*F— e _]()lll(' 1O Crye \
- f_.
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\input prolog
\hoffset=1.25truein\voffset=1.0truein\hsize=6.0truein\vsize=9.0truein
\pageno=13
\centerline{\headfont INTERNATIONAL SYSTEM (SI) NOMENCLATURE$" 6%}
\nointerlineskip
$$\vbox{\tabskip=0pt \offinterlineskip \def\S{{$\ph{*}$}}

% \S is used to leave the space of an asterisk, so that text lines up.

\halign to \hsize{\vrule# \tabskip=0.5em plus2em minusO.5em&#\hfil\strut&\vrule#

&#\hfil&\vrule#g&\hfil#\hfil&\vrule#\tabskip=0Opt\hskipl.Opt&\vrule#
\tabskip=0.5em plus2em minuslem&#\hfil\strut&\vrule#&#\hfil&\vrule#
2\hfilM\hfil&\vrule#\tabskip=0Opt\cr \trule \tskb{2pt} \bs{ipt}
#\hfil Physical[\hfil Name|Symboll

&\hfil Physical]\hfil Name]Symbol&\cr \bs{ipt}

#\hfil Quantity|\hfil of Unit|\hfil for Unitl

&\hfil Quantity{\hfil of Unit|\hfil for Unit&\cr \tskb{2pt} ‘“bs{ipt} \trule

\tskb{1.0pt} \trule \tskb{2pt} \bs{ipt}
g+lengthimeteriml&electriclivolt|V&\cr \bs{2pt}
&\om|\om|\om|&potentialll&\cr \bs{2pt}
&+mass|kilogram|kgl&\omi\om|Nom&\cr \bs{2pt}
ghomlNoml\oml&electric]lohm|$\Omegat&\cr \bs{2pt}
Z*timelsecond|s|&resistancel\om|\om&\cr \tskb{2pt}
&+current|amperelAl&electriclsiemens|S&\cr \bs{2pt}
&\om!‘oml\om]&conductance|\om|\om&\cr \bs{2pt}
grtemperaturelkelvinlKl&\om|\om|\om&\cr \bs{2pt}
g\om|\oml\oml&electric|farad|F&\cr \bs{2pt}

k+*amount oflmolelmoll&capacitancel|\omi\om&\cr \bs{2pt}

&\S substancellomi\om|&\omiNom|\om&\cr \bs{2pt} \bs{2pt}
&\om!\oml\om|&magnetic flux|weber|Wb&\cr \bs{2pt}
Z+«luminous)candelalcdl&\om|\om|\om&\cr \bs{2pt}

g\S 1intensityl\oml\oml&magneticlhenry|H&\cr \bs{2pt}

g omlVom{\om{&inductancel\om|{\om&\cr \bs{2pt}

g\dag plane anglelradianlrad|&\om|\oml\om&\cr \bs{2pt}
ghomivom[Nom|&magneticiteslalT&\cr \bs{2pt}

£dag snlid anglelsteradianisri&intensity!\oml\om&\cr \tskb{2pt}
' 5 frequencylhertzlHzl&luminous flux|lumen!lm&lcr \tskb{2pt}
£S5 encrpyljoulelJI#11luminancefluxllx&her Ntskb{2pt}

&7 forceinewton({Ni&activaty (of albecquerellBg&lcr ‘bs{2pt}

VomltvemlNoml&radicactivellom|\om&ter \bs{2pt}
2.5 pressurelpascallPal&source) [NomiNom&\cr Vtskb{2pt}
& 5 powertwattiWinabsorbed doselgray(Gy&ter 2hs{2pt}
¥ ' Ik (of tonizaine !t omlcxk or Vhsd{Ipe )
&' elestric chargelesalembiClidradiation) o ihomt o badipt}
herpbeiirf mlhamtbomiy om e rmb ey Tty e PES
VR B
*50 toe anun Ngqund dag Sapplementary Taat
.
‘e
' w7 ond vable wn opage 13
y
//g
Yooy Cceenterlined  healdfont METETIC PREEFILE

‘nointerlaineskap
$3 vbex{ tahskip=Optioffinterlineckip \def hu{\hidewidth}
. THE MACRO “hw IS IMST USED TO SAVE SPACE AND TYPING.
‘halign to “hsize{\vrule# tabskip=lem plus2em minuslemkiquad# hfil& vrule#
g hfyl vruleggihfile hfrldstrutéivrulet  tabskip=Opt hskipl . Opt&ivrulet
“tabskip-lem pluslem minusler% quad#®hfil@ vrulefes hflk viuies
B hfila hfil&\vrulet# tarokip=Cpeder Verule “takb{Zpt}
ghom hfrl hw Multiplevhw-hf1ll hf1lVhw Prefixihwlvhw Symbolihul
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&\om\hfil\hw Multiple\hw\hfil|[\hfil\hw Prefix\hw|\hw Symbol\hw&\cr
\tskb{2pt} \trule \tskb{1.0pt} \trule \tskb{2pt}
2$10°{-1}$idecildi&$10$|decaldad&\cr \tskb{1ipt}

| £3$10°{-2}$lcentilc|&$10 28 hectolh&\cxr \tskb{ipt}
£$10°{-3}$Imilliim|&$10"381kilo|k&\cr \tskb{ipt}

‘ £$10°{-6}$Imicroi$\mu$i&$10-6$|megalM&\cr \tskb{1pt}

j £$10°{-9}$Inanoinl&$10-9%IgigalG&\cr \tskb{1ipt}

&$10°{-12}$1picolpl&$10-{12}8|tera|T&\cr \tskb{ipt}

8107 {-15}$|femto|£]&$10"{15}$[petalP&\cr \tskb{1ipt}

£310°{-18}$lattolal&$10-{18}$/exal E&\cr \tskb{2pt} \trule}}$$

\vfill\eject\end
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a'avava

INTERNATIONAL SYSTEM (SI) NOMENCLATURE?®

Physical Name Symbol Plysical Name {Symbol
Quantity of Unit | {or Unit Quantity of Unit [for Unit
*length meter m electric volt V
potential
*liass kilogram kg
electric ohm Q
*tinie second S resistance
*curreut ampere A clectric siecmens S
conductance
*temperature kelvin K
electric farad F
*amount of mole mol capacitance
substance .
magnetic flux jweber Wb
*lhuminous candela cd
intensity magnetic henry H
imductance
tplane angle radian rad
magunetic tesla T
fsolid angle steradian ST intensity
frequency hertyz Hz Iuminous flux (lumen lin
cuergy joule J illuminance  |lux Ix
force newton N activity (of a |becquerel] Bq
radioactive
pressure pascal Pa source)
power watt w absorbed doselgray Gy
(of ionizing
| clectrie charge [ coulomb C racdiation)
*SI hase unit fSupplemientary Unit
METRIC PREFIXES
NMultiple Prefix Symbol Multiple Prefix Symbol
10~} deci d 10 deca da
0=~ centi C 102 Liccto h
1o~ milli 1 10° kilo k
10~° micro ft 10° nmega M
109 nano n 10° giga G
10712 pico p 1012 tera T
10~1" femto t 10t peta P
10~ atto a 10'% CXit X
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& \quad\quad free space | | | & \cr \tskc{4}{2pt}

Proton/electron mass | ${m_p}/{m_e}$ | $1.8362\times10738 | & \cr
& \quad\quad ratio | | | & \cr \tskc{4a}{2pt}

Electron charge/mass | $e/{m _e}$ 1$1.7588\times10°{11}$ | N\, $kegs " {-1}8 L rr
& \quad\quad ratio | | | & \cr \tskc{4a}{2pt}

Rydberg constant | $R_\infty=\displaystyle {me"4 \over 8{\epsilen_0}72
ch"3}$ | $1.0974\times10°7$ | m$~{-1}¢% & \cr \tskc{4}{2pt}

Bohr radius | $a_0=\epsilon_0 h"2/\pi me"2% | $5.2918\times1C " {-117% « m & -z
\tskc{4}{2pt}

Atomic cross section | $\pi {a_0}"2% | $8.7974\times10°{-21}% | m3 28 &
\tskc{a}{2pt}

Classical electron radius | $r_esze”2/4\pi \epsilon_0 mc 2§ [$2.8179
\times10-{-15}$ | m & \cr \tskc{4}{2pt}

Thomson cross section |$(8\pi/3){r_e}"2$ |$6.6524\t1mes107{~29}$ [m$72% & v
\tskc{a}{2pt}

Compton wavelength of | $h/{m_ec}$ | $2.4263\times10°{-12}$ | m & ‘cr
& \quad\quad electron |$\nbar /{m_ec}$ [$3.8616\times10"{-13}$ Im
& \cr \tskc{4}{2pt}

Fine-structure constant | $\alpha=e~2/2 \epsilon_0 h c$ |
$7.2974\times10°{-3}$ | & \cr
g ! $\alpha~{-1}$ | \hfil $137.048 | & \cr \tskc{4}{2pt}

First radiation constant | $c_1=2\pi hc~2$ | $3.7418\times107{-2}%
We\,$m$"2% & \cr \tskc{4}{2pt}

Second radiation | $c_2=hc/k$ | $1.4388\times10°{-2}$ | m$\,3K &\cr
g \quad\quad constant | | | & \cr \tskc{4}{2pt}

Stefan-Boltzmann | $\sigma$ | $5.6703\times107{-8}$
W\, $m$-{-2}3K$"{-43% & \crx

% \quad\quad constant | | | & \cr \tskc{4}{2pt} \trule}}$$
% END OF RULED TABLE.

\vfilleject\end
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PHYSICAL CONSTANTS (SI)’

Plysical Quantity Symbol Value Units
Boltzmann constant k 1.3807 x 10723 | JK 1
Elementary charge e 1.6022 x 107 | C
Electron mass Me 9.1095 x 1073! | kg
Proton mass Mmp 13726 x 10777 | kg
Gravitational coustant G 3.6726 X 107 | m3s 7 %kg !
Planck constant h 6.6262 x 107%* | Js

o= h/27 1.0546 x 107°* | Js

Speed of light in vacunm | ¢ 2.9979 x 10° ms~ !
Permittivity of €0 8.8542 x 1072 | Fm™!

free space
Permeability of Lo 47 x 1077 |Hm™?

free space
Proton/clectron mass My [Me 1.8362 x 10°

ratio
Elcctron charge/mass e/me 1.7588 x 10 Ckg™*'

ratio

me* - -1

Rydberg constant R.. = _8602ch,3 1.0974 x 10 m
Bohr radius Ly = 60}1,2/7TTH.62 5.2918 x 107! | m
Atomic cross section 71'(1,02 8.7074 x 1072 | m?
Classical electron radius | v, = (:2/47r607n,c2 2.8179 x 107 | m
Thomson cross sccetion (87 /3)r.* 6.6524 x 10727 | m*>
Compton wavelength of | h/m e 2.4263 x 107'% | m

clectron /m.c 3.8616 x 1073 [y
Fine-structure constant v = (ig/QF.U he 7.2074 x 1073

at 137.04

First radiation constant | ¢; = 27he? 3.7418 x 1077 | Wm?
Second radiation co = he/k 1.4388 x 1077 | mK

constant
Stefan-Boltzimann a 5.6703 x 107% | Wm™?*K™*

constant
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\input prolog E
\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9.0truein D
\pageno=15§ 2
$$\vbox{\offinterlineskip \def\quad{\hskip 4pt} \def\quid{\hskip 1pt} \hrule 3
%
% The definitions of \quad and \quid change from table to table in order !
% to keep overall table widths the same. j
Y y
\halign {&\vrule# &\quad #\hfil \quid &\vrule# &\strut \quad #\hfil \quid j
&\vrule# &\quad #\hfil \quid &\vrule# &\quad #\hfil \quid &\vrule# \cr \tskc{4}{Zpt} 4
&\hfil Physical Quantity | \hfil Symbol | \hfil Value | \hfil Units & \cr L
\tskc{4}{2pt} \trule \tskc{4}{1.0pt} \trule \tskc{4}{2pt} !
& Wavelength associated | $\lambda_0 = hc/e$ i $1.2399\times10°{~-6}$ | m & 4
\cr & \quad\gquad with 1 eV | | | & \cr \tskc{4}{2pt} "y
& Frequency associated | $\nu_0 = e/h$ | $2.4180\times10°{14}$ | Hz & \cr »
& \quad\quad with 1 eV | | | & \cr \tskc{4}{2pt}
& Wave number associated | $k_0 = e/hc$ | $8.0655\times10°58 | m$ "{-1}$ & \cr
& \quad\quad with 1 eV | | | & \cr \tskc{4}{2pt}
& Energy associated with | $h\nu_0% | $1.6022\times10°{-1938 | J & \cr
& \quad\quad 1 e¥ | | | & \cr \tskc{4}{2pt}
& Energy associated with | $hc$ | $1.9865\times107{-25}8 | J & \cr
& \quad\quad 1 m$-{-1}$ | | | & \cr \tskc{4}{2pt}
& Energy associated with | $me"3/8{\epsilon_0}"2 h~2% (\hfi1l 13.606 | eV & -r
& \quad\quad ! Rydberg | | | & “ecr \tskc{4}{2pt}
& Energy associated with | $k/e$ | $8.6173\times107°{-5}% | eV & \cr
& \quad\quad 1 Kelvin | | | & \cr \tskc{4}{2pt}
& Temperature associated | $e/k$ | $1.1605\times1074% | K & \cr
& \quad\quad with 1 eV | | | & \cr \tskc{4}{2pt}
& Avogadro number | $N_A$ | $6.0220\times107{23}% | mol$"{-1}$ & \cr \tskc{4}{2pt}
& Faraday constant [$F=N_Ae$ [$9.6485\times1074% | C$\,3mol$ " {-1}$ &\cr\tskc{4}{2pt
& Gas constant | $R=N_Ak$ ( \hfil 8.3144 | J$\ ,$K$ {-1}%mol$-{-1}8 & \cr
\tskc{4}{2pt}
& Loschmidt'’'s number | $n_0% | $2.6868\times10°{25}$ | m$"{-3}$ & \cr
& \quad\quad (no. density at STP) | | | & \cr \tskc{4}{2pt}
. & Atomic mass unit [ $m_u$ | $1.6606\times10°{-27}% | kg & \cr \tskc{4}{2pt}
ﬂ & Standard temperature | $T_C$ | \hfil 273.16 | K & \cr \tskc{4}{2pt}
. & Atmospheric pressure | $p_O=n_OkT_0% | $1.0132.t1imes107°5% | Pa & \cr \tskc{4}{2pc}
G & Pressure of 1 mm Hg | | $1.3332\times1072% | Pa & \cr
F & \quadiquad (1 torr) | | | & Necr \tskc{4}{2pt}
N & Molar volume at STP | $V_O0=RT_C/p_0% | $2.2415 times10°{-2}8 | m$°38% & ‘cr
4 \tske{a}{2pt}
. & Molar weight of air | $M_{\rm air}$ 13$2.8971\t1mes107{-2}8$ | kg &\cr\tskc{43{Ipv}
t & calorie (cal) | [ \hfil 4.1868 | J & \cr \tskc{4}{2pt}
: % Gravitational | $g$ | “hfil 9.8067 | m3\,$s8°{-2}% & ‘cr
\ & \quad\quad acceleration | | | & Ner \tskc{4}{2pt}} “hrulel}$s
\ \vfilleject\end
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Physical Quantity Symbol Value Units
Wavelength associated Ao = hc/e 1.2399 x 107 | m
with 1 eV
Frequency associated vg =e/h 2.4180 x 10** Hz
with 1 eV
Wave number associated | kg = e/he 8.0655 x 10° m~?!
with 1 eV
Energy associated with hig 1.6022 x 1071 | J
1 eV
Encroy associated with he 1.9865 x 1072% | J
I ™!
Enecrgy associated witl: me® /8e? b2 13.606 cV
1 Rydberg
Encrgy associated with | k/e 8.6173 x 10™°% | eV
1 Kelvin
Temperature associated | e/k 1.1605 x 10* K
with 1 eV
Avogadro number N 6.0220 x 10%%® | mol~?
Faraday constant F=Nj¢e 9.6485 x 10* C mol ™~}
Gias constant R = N,k 8.3144 JK ' mol™!
Loschuidt’s number 1o 2.6868 x 10*° | m™?
(no. density at STP)
Atouile mass unit T, 1.6606 x 10727 kg
Standard temperature To 273.16 K
Atmospherie pressare Po = nokTy 1.0133 x 10° Pa
Pressure of 1 unn He 1.3332 x 107 Pa
{1 torr)
Molay volnme at STP Vo = RTy/po | 2.2415 X 1072 m>
Molar weight of air M i 2.8071 x 1077 | kg
calorie (eal) 4.1868 J
Ciravitational q 0.80067 ms"2

acceeleration

B A L I L
IS R T U iy DR Yo7 Yar Py Wy

At _-3_‘.'_

15

A

PN

o
* P,

et T et R AR A P P I
%MA‘LMA R R

P VA




.,
r
)
4
S
g
N
]
N
ol
y
)
’
4
¢
/
/
{
J

a ’\ x* x SRy o
IATA A < . NN
A A A A n_'l.‘4~-l A B etk < LL—‘!’
e

TW T e e W e

\

\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9.0truein
\pageno=16

\centerline{\headfont PHYSICAL CONSTANTS (cgs)$-7$}
$$\vbox{\offinterlineskip \def\quad{\hskip 3pt} \defl\quid{\hskip Opt} \hrule

\halign {&\vrule# &\quad #\hfil \quid &\vrule# &\strut \quad #\hfil \quid
&\vrule# &\quad #\hfil \quid &\vrule# &\quad #\hfil \quid &\vrule# \cr \tskc{4}{2pt}
g&\hfil Physical Quantity | \hfil Symbol | \hfil Value [\hfil Units &\cr\tskc{4}{2pt}

\trule
height!.0pt &\om { Nom | \om | \em & \cr
\trule \tskc{4}{2pt}
& Boltzmann constant | $k$ [$1.3807\times10°{-16}$ |lerg/deg$\,$(X) &\cr\tskc{4}{2pt}
& Elementary charge | $e$ | $4.8032\times10°{-10}$ | statcoulomb & \cr
& 1 | | \quad (statcoul) & \cr \tskc{4}{2pt}
& Electron mass | $m_e$ | $9.1095\times10°{-28}8% | g & \cr \tskc{4}{2pt}
& Proton mass | $m_p$ | $1.6726\times10°{-24}$ | g & \cr \tskc{4}{2pt}
& Gravitational constant | $G3 | $6.6720\times10"{-8}$
dyne-cm$°2/%g$3° 2% & \cr \tskc{4}{2pt}
& Planck constant | $h$ | $6.6262\times10°{-27}$ | erg-sec & \cr
Z | $\hbar=h/2\pi$ | $1.0546\times10°{-27}$ | erg-sec & \cr \tskc{4}{2pt}
& Speed of light in vacuum | $c$ | $2.9979\times107{10}$ | cm/sec &\cr\tskc{4}{2pt}
& Proton/electron mass | ${m_p}/{m_e}$ | $1.8362\times10°38 | & \cr
& \quad\quad ratio | | | & \cr \tskc{4}{2pt}
& Electron charge/mass | $e/{m_e}$ | $5.2728\times10°{17}$
statcoul/g & \cr
& \quad\quad ratio | | | & \cr \tskec{4}{2pt}
& Rydberg constant | $R_\infty=\displaystyle{{2\pi~2me~4}\over{ch~3}}$ |
$1.0974\times10°5% | cm$ {-1}$ & \cr \tskc{4}{2pt}
& Bohr radius | $a_0=\hbar~-2/{me"2}$ | $5.2918\times10°{-9}$ | cm &\cr\tskc{4}{2pt}
& Atomic cross section | $\pi {a_0}"2% | $8.7974\times10"{~17}$
em$ 28 & \cxr \tskc{4}{2pt}
% Classical electron radius | $r_e=e 2/{mc"2}$ | $2.8179\times10°{-13}3
cm & \cr \tskc{4}{2pt}
% Thomson cross section | $(8\pi/3){r_e} 2% | $6.6524\times10°{-25}%
cm$ 2% & \cr \tskce{4}{2pt}
& Compton wavelength of | $h/{m_ec}$ | $2.4263\times10°{-10}$ | cm & \cr
& \quadi\quad electron | $\hbar/{m_ec}$ [$3.8616\times10°{-11}$ lcm &\cr\tskc{4}{2pt}
& Fine-structure constant | $\alphaze”2/\hbar c$ | $7.2974\times10°{-3}$ | & “cr
£ | $\alpha {-1}% | \hfil $137.04% [ & \cr \tskci{4}{2pt}
£ First radiation constant | $c_1=2\pi hc 2% | $3.7418\times10"{-53}$
erg-cmt"2/%3zec & \cr \tskc{4}{2pt}
% Second radiation | $c_2=hc/k$ | \hfil $1.4388% | cm-degd\,$(K) & \cr
¥ \quad\quad constant | | | & \cr \tskc{4}{2pt}
£ Stefan-Boltzmann | $\sigma$ | $5.6703\times10°{-5}$ | erg/cm$ 2%- & \cr
% \quad\quad constant | | | \quad sec~deg$°4% & \cr \tskc{4}{2pt}
& Wavelength associated | $\lambda_0$ | $1.2399\times107{-4}$ | cm & \cr
& \quadi\quad with 1 eV | | | & \er \tskc{4}{2pt} \trule}}s$s$
\vfill\ejectlend
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% The definitions of \quad and \quid change from table to table in order
% to keep overall table widths the same.
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PHYSICAL CONSTANTS (cgs)7
Physical Quantity Symbol Value Units
Boltzinann constant k 1.3807 x 107! | erg/deg (K)
Elementary charge e 4.8032 x 107 | statcoulomb
(statcoul)
E‘l’c.ctron mass Me 9.1005 x 1072% | g
Proton mass mp 1.6726 x 1072 g
Gravitational constant G 6.6720 x 108 (lync-(:mz/gz
Planck constant h 6.6262 x 1027 erg-sec
h=~h/2n 1.0546 x 10727 | erg-sec
Speed of light in vacuum | ¢ 2.9979 x 10'° | em/scc
Proton/electron mass My [Me 1.8362 x 103
ratio
Electron charge/mass e/me 5.2728 x 10*" | statcoul/g
ratio
272 me 5 —1
Rydberg constant R = s 1.0974 x 10 c1l
Bohr radins ag = h%/me® 5.2018 x 1072 | em
Atoniic cross section 7l'(l,()2 8.7974 x 107 | cm?®
Classical electron radius | r, = 2 /mc? 2.8179 x 1073 | em
Thomson cross section (87r/3)1'(2 6.6524 x 1072° | cm?
Compton wavelength of | h/mee 2.4263 x 107 [ cm
clectron hfmee 3.8616 x 107! | cn
Fine-structure constant | o = ¢ /he 7.2974 x 1073
at 137.04
First radiation coustant | ey = 27whe? 3.7418 x 107° | erg-cm” /sec
Scecond radiation o = hefk 1.4388 cm-deg (K)
constiant
Stefan-Boltzinann o 5.6703 x 107 | erg/cm*-
constant sec-deg?
Wavelenpth associated Ao 1.2399 x 10~* | cm
with I eV
16
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\input prolog
\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9.0truein
\pageno=17
$$\vbox{\offinterlineskip \def\quad{\hskip 4pt} \defl\quid{\hskip ipt} \hrule
%
% The definitions of \quad and \quid change from table to table in order to
% keep overall table widths the same.
%
\halign {&\vrule# &\quad #\hfil \quid &\vrule# &\strut ‘quad #\hfil \quid
&\vrule# &\quad #\hfil \quid &\vrule# &\quad #\hfil \quid &\vrule# \cr \tskc{4}{2pt}
Z\hfil Physical Quantity | \hfil Symbol [\hfil Value [\hfil Units &\cr\tskc{4}{2pt}
\trule '
height1.0pt &\om | N\om | Nom | \om & \cr
\trule \tskc{4}{2pt}
& Frequency associated | $\nu_0% | $2.4180\times10°{14}$ | Hz & \cr

&\quad\quad with 1 eV | | | & \cr \tskc{4}{2pt}

& Wave number associated | $k_0% | $8.0655\times10°3%¢ | cm$"{-1}$ & \cr
& \quad\quad with 1 eV | | | & \cr \tskc{4}{2pt}

& Energy associated with | | $1.6022\times107{-12}$ | erg & \cr

& \quad\quad 1 eV | | | & \cr \tskc{4}{2pt}

& Energy associated with | | $1.9865\times10°{-16}$ | erg & \cr

& \quad\quad 1 cm$°{-1}$ | | | & \cr \tskc{a}{2pt}

& Energy associated with | | \hfil 13.606 | eV & \cr

& \quad\quad 1 Rydberg | | | & \cr \tskc{4}{2pt}

& Energy associated with | | $8.6173\times107{-6}8 | eV & \cr

& \quad\quad 1 deg Kelvin | | | & \cr \tskc{4}{2pt}

& Temperature associated | | $1.1605\times1074%$ | deg$\,$(K) & \cr

& \quad\quad with 1 eV | | | & \cr \tskc{4}{2pt}

% Avogadro number | $N_A$ | $6.0220\times107{23}$ | mol$ {-1}$ & \cr \tskc{4}{2pt}
& Faraday constant | $F=N_fAe$ [ $2.8925\times107{14}$

statcoul/mol & \cr \tskc{4}{2pt}
Gas constant | $R=N_Ak$ | $8.3144\times1077% | erg/deg-mol & \cr \tskc{4}{2pt}
Loschmidt’s number | $n_0% | $2.6868\times10°{19}$ | ecm$"{-3}$ & \cr
\quadiquad (no. density at STP) | | | & \cr \tskc{4}{2pt}
Atomic mass unit | $m_u$ | £1.6606\times10°{-24}$ | g & \cr \tskc{4}{2pt}
Standard temperature | $T_03 | \hfil 273.16 | deg$\,$(K) & \cr \tskc{4}{2pt}
Atmospheric pressure | $p_0=n_OkT_0% | $1.0133\times10°6$

dyne/cm$72% & Ncr \tske{4}{2pt}

B ST E

 Pressure of 1 mm Hg | | $1.3332\times10°3% | dyne/cm$°28% & \cr

% “quadiquad (1 torr) | | | & \cr \tskc{4}{2pt}

% M-lar volume at STP | $V _0=RT_0/p_0% 1$2.2415\times1074% [cm$™3% &\cr\tskc{4}{2pt}
g Melar weight of air | $M_{\rm ai1r}$ | \hfil 28.971 | g & \cr “\tskc{4}{2pt}

% calorie (cal) | | $4.1868\times10°78 | erg & \cr \tskc{4}{2pt}

% Gravitational | $g3 | \hfil 980.67 | cm/sec$ 2% & \cr

% ‘quad.quad acceleration | | | & \cr \tskc{4}{2pt}} “hrulel}$s

ryfilvetert end

17a

o
v
f

o_s_ e«_a_

RV Y

LML, .

P



K
v
-

'y

‘.’;s-.sﬂ.‘h

n 15 l"‘“)".

L e 4

"l "l

O

"
»e

AN

v S :’:',

l). l'l‘l’l’l

PN A

YWD

- n]

o/ Ja QA g

Ao S tte B 0t ite ate U0 JRe GRa AVl At gt ah et AT ety oot ot ater At sl Al tal -al Al Salotnl cul ab ot Gl bul ol Gl tagotal b God el ol el Nal et Sl Brl et Neg Say ~ad ol Sk el Talcal
™

Physical Quantity Symbol Value Units
Frequency associated Vo 2.4180 x 10* Hz
with 1 eV
Wave number associated | kg 8.0655 x 10° et
with 1 eV
Energy associated with 1.6022 x 10712 | erg
1 eV
Energy associated with 1.9865 x 1071 | erg
1 em™!
Eucrgy associated with 13.606 eV
1 Rydberg
Encrgy associated with 8.6173 x 10~° eV
1 deg Kelvin
Temperature associated 1.1605 x 10* deg (K)
with 1 eV
Avovadro number N4y 6.0220 x 1033 mol ™!
Faraday constant F = Nje 2.8925 x 10'* statcoul/mol
Gas constant R = N sk 8.3144 x 10° erg/deg-mol
Loschmidt’s number nY 2.6868 x 101? cm ™3
(no. density at STP)
Atomic mass unit Ty, 1.6606 x 10732 | ¢
Staudard temperature To 273.16 dep (K)

Atmospheric pressure

Pressure of 1 mm Hg
(1 torr)

Molar volume at STDP

Maolar \\'t'i;_',lll of air

cadorie (eal)

Ciravitational

acceleration

po = nokTy

Vo = RT, //’U
AIu\r

1.0133 x 16°
1.3332 x 10°

2.2415 x 10*
28.971

4.1868 x 10°
980.67

2
dyne/cm”
\
dyne/em=

.3
Crll

)
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CPoL-1 e, $vbetaz1T T Tergdn  $3$°{-1%, $\epsilon_0C
1mes Lo tU e tEE S Pt {-03g, §om G times107{-T) L EHEN  emE {17
,$23°{-1}$%, and $\hbar=1.0%4

£,

5

T P R B e d !

[ E N - e C e

times10°% !

t
timesi0 T {-24-., 83  t- T derave a dimenci-valiy correct SI formula from on

g

expressed 1in fau substitute for

o eah guantity according to
Prhov{Qr=Nov{k %P, where $ ovi¥r% 15 the cceff:iorent 1n the second column of the
tahle corresp nding to $7% (-verbars dencte variarles expressed in Gaussian
units). formula 3 ovial_O=N\ov{\hbar} 7 ov{m} \hbox{\kernO.5pt}

T
vov{e} 2% for the
2

becomes $talpha n_ 7 = {‘hbar\beta) 2/ [(m\beta

.1, 'r §a.0 = \epsilon_0 h™2/ \pim
lyv

‘Nalpha 1 “epsilon_

i r

e"28. To ge from S 1 units in which § hhar=c=1$ (distinguished by a
} \un{Q}$, where ¢
1

rd column. Thus 3 un{a}_0 = 4\pilepsilon_0
\hbar~2/{(\un'm

L
1
y
}oinhar e unier 2 \epsilon_0 rbhar )] = 4\p1 , \un{m} }
‘hbox{*kern0.%ptr "urnf{«>"2. 8 {In transforming - :t from} SI units, do not
substitute f= tepsilon fE, Pm r $cd )
€8 vhox{ vokip-ipt cffinterliines -hrule \d«f guad{‘hskip6pt}\defiquid{ hskip2pt}
vles ¢ oyl ow hfrl o vaus y N ; t
ite or. Ui cr ongpo{23{2ptiherat

‘uniz>$ 1s the coefficient

Ry

t
k)
corresponding to $7

.
s

-

e

ut#\hfil&\quad

1) hfal
srod23{1.0ptINtrule \tskc
212 n 03 {-1}$ & \cr \tskc

Y {one}

Fan M e

& Capacitance 3 1ped
& Charge | $(

$(tepsilen

}
% Charge density | beta‘gdiniialphaSiepsiion 007 {8/2)8 )
$(veps1lon_0 “hbar o} {-172}8 & Ner \tskos2:{0.5pr}
[ Y
$(mu_0/ bhba
& Current dens:it

pha tetald pitepsilon_C) {1 0x%
1) 412k & vor Ntske{3¥{T ooy}
| F( teta’4‘pirialpha3\epsil-n_ ) {1/2}%

& Current

[ —

Bl -
$( mu_0/\bbar ¢) {17238 & \cr Mtskc{3M{2 fpr
¥ Flectric field | § 4 p: betalepsilon_0/Nalynn ) {1/2)8$

o, {1238 & Ner \tsked{TR{T Ertd
piibetalepsilon_ 07 alnhay {1/2}$

/Y3 & Ncr Mtskc
D 1 “Tid pivepsilon_0) T { -1t ¥ epsalon 03 {-1}8&N\crhtens
goFrerey D F temat oo vy o) {-138 & Ner o toeof2M0 5pr)

i :

{ (7 pry

oEner ey oo i et alphat3% | $(\hbar 07 1-138% & Ner \tske{3}{0.5pt}
ROF v i \ Potd whar eyt {-17% 0 r tnwc{33{0 . 5pt}
% Frequency o1 0 te o iri b or ttske{3X{T e
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FORMULA CONVERSION?®

Here o = 102 cmm ™t 3 = 107 ergJ” = 8.8542x107 2 Fm~

jlo = 47 X 10" "Hm™ ! ¢ = (€opo)” /2 - 2.9079 x 105 ms™t. and
o= 1.0546 x 107%*Js. To derive a dimensionally correct SI formula
from one expressed in Gaussian units. substitute for each quantity ac-
cording to Q = k(Q. where k is the coefficient in the sccond column
of the table corresponding to @ (overbars denote variables expressed in
Gaussian units) Tlms the fOllIlllld ig = h%/me> for the Boln radius
becomes vag = (h3)” /[ 'nL/}/(y )(e (1[3/47r€0 ]. or ag = egh” /7rnw To
go from SI to natm.xl units in which i = ¢ = 1 (distingunished by a cir-
cumflex). nse Q = E7rQ. where k is tlw coefficient (()11(\1)011(11115 to Q
in the third colnmn. Thns o = 4megh? /[(1h/c) (% ephe)] = 47 /e
(In transforming from ST units. do not substitute for €. pg. or ¢.)

Gaussian Units to SI | Natural Units to SI

Physical Quantity

Capacitance
Charge

Charge density
Churrent
Charrent density
Flectrie field

Electrie potential

Encrpgy

Fnergy deusity
l“()l'('('

Freqguency
Indnctance
Length

Macuetic induction
Magnetic intensity
I\I;l.\'f\'

NMomentim

PPower

Pressire
Resistance

Time

Velocity

Electrie couductivity

x/4meg
((1//3/47r€0 1/2
(F/amaey)t/?
((y/3/47r(0)1/“
(Blamaey)t/?
(47Beg/a®)/?
(47[#0/0 1/’
(dmeg) ™

A

B/’

1] v

1

Amey /e

Yy
(43 /0 g)t/?
(47r/1.(,/7'/(y3)1/2
,’1’/{)’2

/f/(y

4

Bl

Amey [ov

1

‘Y

6()—.1

(Gorl,c)_l/z
(eohic)~ /2
(110 /he)/?
(jeo/he)*/?
(e0/hec)t/?
(60/711;)1/2

€0

(he)™
()~
(fic) ™!

et

o

1
(/1(,77(-)"1/2
(pro/Te)t/?
('/f)

not
(he?)~
(he)™!
(‘()//'n)l/z

=1
‘
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\input prolog
\hoffset=1.25truein\voffset=1.0truein\hsize=6.0truein\vsize=9.0truein
\pageno=19

\centerline{\headfont MAXWELL'S EQUATIONS}

$3$\vbox{\tabskip=0pt \offinterlineskip

\halign to \hsize{\vrule# \tabskip=1.0em plus2em minusO.5em&#\hfil\strut&\vrule#
&$\displaystyle#$\hfil&\vrule#&$\displaystyle#$\hfil&\vrule#\tabskip=Opticr
\trule \tskc{3}{2pt}

&\hfil Name or Description|\om\hfil SI\hfill\om\hfil Gaussian\hfil&\cr
\tskc{3}{2pt} \trule \tskc{3}{1pt} \trule \tskc{3}{2.5pt}

&Faraday’s lawl\del\times\E=-{\partial\B\over\partial t}|\del\times\E
=-{1\over c}{\partial\B\over\partial t}&\cr \tskc{3}{2pt} \tskc{3}{2pt}
&Ampere’s lawl\del\times{\bf H}={\partial\D\over\partial t}+{\bf J}[\del\times
{\bf H}={1\over c}{\partial\D\over\partial t}+{4\pilover c}{\bf J}&\cr\tskc{3}{4pt}
&Poisson equation|\del\cdot\D=\rho|\del\cdot\D=4\pi\rho&\cr \tskc{3}{2pt}
#[Absence of magneticildellcdot\B=0|\del\cdot\B=0&\cr \bs{2pt}

&\quad monopoles]|\om!\om&\cr \tskc{3}{2pt} \bs{2pt}

Zlorentz force on{g\left (\E+{\bf v}\times\B\right)| gq\left(\E+{1\over c}{\bf
vI\times\B\right)&\cr \bs{2pt} \bs{2pt} \bs{2pt}

#\quad charge $q$[\oml\om&\cr \tskc{3}{2pt}
&Constitutive|\D=\epsilon\E|\D=\epsilon\E&\cr \bs{1ipt}

g\quad relationsi\E="mu{\bf E} [ \B=mu{\bf H}&\cr \tskc{3}{2pt} \trule}}$$
\vskip-6pt

In a plasma, $'mulapprox‘mu_0=4"piltimes 10°{-7}\,{\rm BE}\,{\rm m}~{-1}$
(Gaussian units: $\mulapprox 1$). The permittivity satisfies
$\epsilon\approx\epsilon_0 = 8.8542\times 10°{-12}\,{\rm F}\,{\rm m}~{-1}$
(Gaussian: $\epsilon \approx 1)$ provided that all charge is regarded as free.
Using the drift approximation ${\bf v}_\perp= \E\times\B/B~2$ to calculate
polarization charge density gives rise to a dielectric constant
$¥\equiviepsilon/\epsilon_0 = 1+36\pil\times107"9\rho/B~2\>$ (SI) $=1+4\pilrho
c"2/B"2\>% (Gaussian), where $\rho$ is the mass density.

\1indent

The electromagnetic energy in volume $V$ is given by
t¢eqalignnod{® &= {1over 2}\int_V\,dV({\bf H}\cdot\B+\E\cdot\D)&
(rm SI)Vph{“tm Gaussian.}\cr

g={1\over S\p:}iint VY, dV({\bf BE}\cdot\B+\E\cdot\D)&(\rm Gaussian).

phf{hrm S1Y < k1l

Fovntang’'s thesrerm 1o

Siparsial Y ocwer oparccal vt oant S, {Abf HR\ndot d{\bf SI=-\int _V\,dV{\bf 1}
vodothE L%

where 358 15 the cleosed surface hounding $V$ and the Poynting vector (energy
flux acress 30%) 15 given by ${\bf N}=\E\times{\bf H}\>$ (SI) or ${\bf
L}=cME\times {“bf H}/4 p1\>»% (Saussian).

Svfillheject  end
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MAXWELL’S EQUATIONS

Name or Description SI Gaussian
Faraday's 1 VxE 9B V xE L 9B
araday’s law = - — = —-——
v ve at ¢ Ot
oD 1 0D an
Ampere’s law VxH=-—+4+J | VXH= -—— 4+ —1J
ot ¢ Ot ¢
Poisson equation V.-D=p V.-D =4mp
[Absence of magnetic | V-B =0 V-B=0
monopoles]
1
Lorentz force on q(E+ v x B) q (E + —-v X B)
charge ¢ ¢
Constitutive D = ¢E D = ¢E
relations B =uH B =1H
In a plasma. p & pg = 47 X 107" Hm ™! (Gaussian units: pu = 1).

The permittivity satisfies € & ¢y = 8.8542 X 102 Fm! (Gaussian:

¢ &= 1) provided that all charge is regarded as free. Using the drift
. . htd . . .

approximation v = E x B/DB” to calculate polarization charge density

cives rise to a dielectric constant K = €/eg = 1 + 367 X 10%p/B% (SI) b
= 1 4+ d7pe?/B? (Gaussian). where pis the mass density. :
The c¢lectromagnetic energy i volume Vois given by K
: ! . 4
i = dVIH-B+ E-D) (ST) '
2/, «
] . . .
—- dJViH - B+ E-D) (Gaussian).
ST
\
Povinrnte’™s theorenn -
AN ' ) -
.! . NS JVIT - E.
it
2 . \
:
- where S s the close b swrtace bhonndine Voaod the Povating vector (energy
:‘ fhux across Syas civen by N~ E < H i8Iy or N = cEx H/Jdn (Gaussian).
J
]
E
]
?
! 19 .
)
3
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\input prolog.tex ,
\hoffset=1.25truein\voffset=1.0truein\hsize=6.0truein\vsize=9.0truein ;
\pageno=20 K
\centerline{\headfont ELECTRICITY AND MAGNETISM} 5
\medskip\indent K
In the following, $lepsilon=$ dielectric permittivity, $\mu=$ permeability (
of conductor, $\mu\prime=§ permeability of surrounding medium, .
$\si1gma=$ conductivity, $f=\omega/2\pi=$ radiation frequency, A\
$\kappa_m=\mu/‘mu_0% and $\kappa_e=\epsilon/\epsilon_0%. Where subscripts are :
used, ‘1’ denotes a conducting medium and ‘2’ a propagating (lossless .
dielectric) medium. All units are ST unless otherwise specified. I
\msk \halign{#‘htil&\quad#¥ =\ #\hfil\cr ;
Permittivity »f free spnce & 3hepsilon_0% & $8.8542 i
“timesiOT{-12¥N  RFE  Imdo{-138 Mer \sk i
Permeability of free space & $\mu_C$ & $4\piltimes10 {-7}\,$H$\ ,m$ " {-13% ‘cr d
[$1.2566\t1mes107{~-63\, 843\, $mS"{~1}$ \cr \sk s

Resistance of free space & $R_0$\hidewidth& $(\mu_0/\epsilon_0)"{1/2}=2376.723\,
\Omega$ \cr \sk

Capacity of parallel plates of area & $C$ & $\epsilon A/a$ \cr
\ncalign{\quad$A$, separated by distance $d3%} \sk

Capacity of concentric cylinders & $C$ & $2\pilepsilon 1\ln(b/a)$ \cr
\rioalign{\quad of length $13%, radii $a,b$} \sk

Capacity of concentric spheres of & $C$ & $4\pilepsilon ab/(b-a)$ \cr
‘noalign{\quad radii $a,b$} \sk

Self-inductance of wire of length & $L% & $\mu 13 \er
\noalign{iquad $1%, carrying uniform current} \sk

Mutual inductance of parallel wires & $L% & $(\mu"\prime 1/4 \pi)
\left[1+4\1n(d/a)\r1ight]$ ‘er
‘noalign{\quad of length $1%, radius $a$, separated}
\noalign{\quad by distance $d3%} \sk

Inductance of circular loop of radius & $1.$ & $v\left\{\mu~\prime\left[\1n(gh/
a)-2\rightl+\mu/4 \right 38 Ner
\hs{0. 65ex}

aquniti i omadde of wire of radius $a%,}

1

rrying uniform current} \sk
lossy medium & $\taud & $\epsilon/\sigma$ \cr \sk

Skin depth in a lossy medium & $hdelta$ & $(2/N\omega\mulsigma) " {1/2}
5 = {ip1 frruscienay 1-1727% Ner \sk
y o toa lessy medium £ 828 & FNleft[Nmu/(Nepsilon+ilsigma/Nomegad
D r MR SRS
2 Transmicsion cceffloient ar & 873 & $4.2280ires107{-4}(f\kappa_{m1}
} vrappa_{el} isigma) T {1/23% her
' “nsalivndtquad conducting surface}
g Tonaifencd aply for $T \11 1)79%) Sk
Y Field oat o diccance o fromootraieht wire & RP Sthesaflhidewidthi
) Poen U opnor L Peslaoox
. qumd ocarryire current PIEotamveres) |E0.000r Fpauss (3rd an om) \eor ok
: Fleld ac diccance o7 alone axis frem & B _zihidewidthix
. Toeaoa Tl [uta Tz A Lex
. ‘nralignd quad caraunlar loop of radius $ald
J nealignd auad carrying current $137)
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In the following. ¢ = dielectric permittivity. g = permeability of
conductor. g’ = permcability of surrounding medinm. ¢ = conductivity.
f = w/27 = radiation frequency. k= p/pg and £, = ¢/ey. Where sub-
scripts are used. "17 denotes a conducting medinm and *27 a propagating
(lossless dielectrie) medinm. All units are SI unless otherwise specified.

Permittivity of free space

Permeability of free space

Resistance of free space
Capacity of parallel plates of area
Al separated by distance d
Capacity of concentrie eylinders
of lenoth {oradit alb
Capacity of concentrie spheres of
vivdii a b
Self-inductance of wire of length
I, carrving nmform current
Mutual inductance of parailel wires
of Tengeth 10 radins oo separated
by distance d
Inductance of cirenlir loop of radins
oo made of wire of radins o,
carrving nniforimn cnrrent
Relaxation thine in o lossy medium
Skin depth i o lossy wedinm
Wave impedance in o lossy medinm
Transmission coctlicient ot
couducting surface
- e . ML
(vood only for T° < 1)
Field at distance r from straight wire
carrving current [ {amperes)
Field at distance @ alone axas from
cirenblir loop of vadius o
carryving current [

= 8.8542 x 1072 Fm~1!

a1 X 107 " Hm 1!
1.2566 x 10" Hm ™!

(jeo/€0)t/? = 376.7392
FA/(l

2rellu(b/a)
Areab/(h — a)
)

(p'U4m) [1 + 41u(d/a))

b {/1' (I(8b/a) — 2] + /1‘/4}

€/

= (2/wpo)? = (nfpo)=/?

[/ (e + iafu]t/?
1.22 X 107 (frpnin/a)/?

= pl/27rtesla

0.21/r gauss (rin cm)

= ;1(121/[2(112 + :2)3/2]
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$$vbox{\tabskip={rt “ofiinerlineskip
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The houndary hetween ULE and ELF 1s vartously defined.

Frequency Range Wavelength Range
Designation
Lower Upper Lower Upper
ULF* 10Hz 3Mm
ELF* 10 Hz 3kHz 100 km 3 Mm
VLF 3kHz 30kHz 10 km 100 ki
LF 30kHz 300kHz 1 km 10 ki
MF 300 kHz 3MHz 100 m 1km
HE 3 MHz 30 MHz 10 1m 100 m
VHF 30 MHz 300 MHz 1m 10 m
UHF 300 MHz 3GHz 10 cm 1lm
SHF{t 3GHz 30GHz lcem 10 cm
S 2.6 3.95 7.6 11.5
G 3.95 5.85 5.1 7.6
J 5.3 8.2 3.7 5.7
H 7.05 10.0 3.0 4.25
X 8.2 12.4 2.4 3.7
M 10.0 15.0 2.0 3.0
P 12.4 18.0 1.67 2.4
K 18.0 26.5 1.1 1.67
R 26.5 40.0 0.75 1.1
EHE 30 GHz 300 GHz 1 mm 1cm
submillimeter 300 GHz 3THz 100 pem 1 mm
Infrared 3TH» 430 THz 700 nm 100 pem
Visible 130 THz» 760 THz 400 nm 700 nmn
Ultraviolet TH0THz 30PHz 10 11 400 nm
X Ray 20PHz JEHz 100 pmn 10 nm
Coonmma Ray SEHz 100 pin
Note: In spectroscopy the angstrom (A) is sowetimes used (1 A = 10™% em

Flhe SHE (microwave) band is furtlhier subdivided approximately as shown'!

..............
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\hoffset=1.25truein
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\hsize=6.0truein
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\centerline{\headfont AC CIRCUITS}
\medskip\indent
For a resistance $R$, inductance $L$, and capacitance $C$ in series with a
voltage source $V=V_O\exp(ilomega t)}$ (here $i=z\sqrt{-1}$), the current is given
by $1=dq/dt$, where $q3% satisfies
$$ L{{d"2\'q}X\over{dt~2}}+R{{dq}\over{dt}}+{q \over C} = V.$$
Solutions are $q(t)=q_s+q_t,\;I(t)=I_s+I_t$, where the steady state is
$I_s = 1\omega q_s = V/Z$ in terms of the impedance $Z = R + i(\omega L -
1/\omega C)$ and $I_t = dq_t/dt.$ For initial conditions $q(0)\equiv q_0 =
\bar q_0+q_s$, $\;I(0)\equiv I_0,$ the transients can be of three types,
depending on $\Delta=R"2-4L/C$:
\medskip\noindent
(a) Cverdamped, $\Delta>0C$
$$\eqalign {q_t &= {I_O+\gamma_+ \bar q_0 \over \gomma_+-\gamma_-}
\exp(-\gamma_~t) ~ {I_O+\gamma_- \bar q_0 \over \gamma_+-\gamma_-}
“exp(-\gamma_+t), \cr
I_t &= {\gamma_+(I_O+\gamma_- \bar q_0) \over \gamma_+-\gamma_-} \exp(-\gamma_
+t)- {\gamma_-(I_O + \gamma_+ \bar q_0) \over \gamma_+-\gamma_-}
\exp(-\gamma_-t), \cr}s$
where $\gamma_\pm=(R\pm\Delta~{1/2})/2L;$%
\medskip\noindent
(b) Critically damped, $\Delta=0$
$$\eqalign{q_t &= \left[\bar q_0 + (I_O+\gamma_R \bar q_0)t\right]
\exp(-\gamma_Rt), \cr
I_t &= \left[I_0 ~ (I_0 + \gamma_R \bar q_0)\gamma_Rt\right]\exp(-\gamma_Rt),
\cr}t$s
where $\gamma_R=R/2L;$
\medskip\noindent
(c) Underdamped, $\Delta < 0%
$3$\egalagn{q_t &= \left[{\gamma_R \bar q_0 + I_0 \over \omega_1} \sinlomega_ 1t +
\bar q_0 \cos\omega_lt\rightl\exp(-\gamma_Rt), \cr
I_t &= \left[I_O\cos\omega_1it - {({\omega_1}"2+{\gamma_R}~2)\bar q_0 +
\gamma_R I_0 \over ‘omega_1} \sin(\omega_1t)\rightl\exp(-\gamma_Rt), \cr}$¢
where $\omega_1=\omega_O0(1-R~2C/4L)"{1/2}$ and $\omega_0=(LC) {-1/2}\'$ is
the resonant frequency. At $\omega=\omega_08$, $\;Z=R$. The quality of the
circuit is $0=\omega_OL/R$. In\-stab\-il\-ity results when $L$, $RE, $C$ are
not all of the same sign.
\vskipQ.5truein
\vfilleject\end
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AC CIRCUITS

For a resistance R, inductance L, and capacitance C in series with
a voltage source V. = Vpexp(iwt) (here ¢ = /—=1), the current is given
by I = dq/dt. where q satisfies

d’q dg g

dt? dt C

L

Solutions are ¢(t) = qs + q¢. I(t) = I, + I;, where the steady state is
I, =iwq, = V/Z in terms of the impedance Z = R+ i(wL — 1/wC) and
I+ = dq¢/dt. For initial conditions ¢(0) = qo = Jo + ¢s. I(0) = Ip. the
transicnts can be of three types, depending on A = R? — 4L/C:

TUT S ST ¥ S S G Y VS WW Iemr'S 5

(a) Overdamped. A > 0

Iy + v+ qo In +v_qo

— YTV e

gy = —————— exp(—y-t) — —————CXp(—’H.t).
Y+ — V- Y+ — V-
p , _ _
Y+(To + 7= qo) Y- (Io + v+ 7o)
; I == exp(—=741t) = exp(—vy-t).
3 T+ — V- T+ — 7V-
4

where 74 = (B £ AY2y/2L:

(b Critically datped. A =0

v = [qo + (Lo + yrgo)t] exp(—ynrt).
I = [y = (1o + yrio)yrt] exp(=TRt).
wleve sy = /2L

vor Poderdamped, A <0

g+ Lo
e = { RARE Y sin wit + qo ('()swlf} exp(—vynt).
<
(w1 +v05)qo +ynlo
Iy = | [y coswit — ! ! Vo RELEY sin(wy b)) | expl—yrt).
wl
where wp == wyll - u”“’(«'/-lL)l/g and w, = (L(')—l/2 is the resonant

frequency. At w o= wo. Z = R. The quality of the cirenit is Q = wo L/ R.
Instability vesults wlhien Lo R C are not all of the same sign.
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\centerline{\headfont DIMENSICNLESS NUMBERS OF FLUID MECHANICS$-{12}$}
\bsk % BEGINNING OF TABLE.
\vbox{\tabskip=0pt \offinterlineskip \def\quid{\hskip0O.5em\relax}
\halign to \hsize{\vrule#\tabskip=0.5em plus2em&\strut#\hfil&\vrule#&#
\hfi1l&\vrule#&#\hfil&\vrule#&#\hfil&\vrule#\tabskip=0Opt\cr \trule
&\hfil Name(s)[\om\hidewidth Symbol\hidewidth|\hfil Definition|\hfil
Significance&\cr \tskc{4}{2pt} \trule \tskc{4}{1.0pt} \trule \tskc{4}{2pt}
&Alfv\’en, {Al, Kal$V_A/VE{\kern-0.5em*(Magnetic force/&\cr
g\om\quid K\’'arm%’an\hfill\om!\oml\quad inertial force}$ {1/2}$&\cr\tskc{4}{2pt}
&Bond [Bd|$(\rho \prime-\rho)L 2g/\Sigma$!Gravitational force/&\cr
Z\om{\oml\om{\quad surface tensionk\cr\tskc{4}{2pt}
&Boussinesq(BIgvV/(2gh) "{1/2}$1 (Inertial force/&\cr
&\omi\om|\omi\quad gravitational force)$ {1/2}$&\cr\tskc{4}{2pt}
&Brinkman(Br|$\mu V" 2/k\Delta T$|Viscous heat/conducted heat&\cr\tskc{4a}{2pt}
&Capillary(Cpl$\mu V/\Sigma$!Viscous force/surface tension&\cr\tskc{4}{2pt}
&Carnot [Caf$(T_2-T_1)/T_2$[Theoretical Carnot cycle&\cr
&\omiNom|\om[\quad efficiency&\cr\tske{4}{2pt}
&Cauchy, ICy, Hki$\rho V-2/\Gamma=\rm M"2$|Inertial force/&\cr
&\om\quid Hooke\hfili\oml\oml\quad compressibility force&\cr\tskc{4}{2pt}
#Clausius [CLI$LV 3\rho/k\Delta T$!{Kinetic energy flow rate/heat&\cr
&\om|[Nomi\oml\quad conduction ratef&\cr\tske{4}{2pt}
&Cowling CI$(V_A/V) 2=\rm A1 2%|Magnetic force/inertial force&\cr\tskc{4}{2pt}
gCrispation|Cr($\mu \kappa/\Sigma L$|Effect of diffusion/effect of&\cr
&\om|\oml\om[\quad surface tension&\cr\tskc{4}{2pt}
&Dean{D|$D"{3/2}V/\nu(2r) {1/2}$ITransverse flow due to&\cr
&\om{\oml\omi\quad curvature/longitudinal flow&\cr\tskc{4}{2pt}
¥{Dragi$Cc_D$i1$(\rho \prime-\rho)Lg/$|Drag force/inertial force&\cr
&\om\quid coefficient]\hfill\omi\quad$\rho \prime V"2%|\om&\cr\tskc{4}{2pt}
&Eckert [EI$V 2/c_p\Delta T$|Kinetic energy/change in&\cr
Z\om|\om|\om{\quad thermal energy&\cr\tskc{4}{2pt}
kEkman [ExlE(\ru/2\0mega L"2) " {1/2}=%|{(Viscous force/Coriolis force)$ {1/2}%
“hidewidthitcr
Lrom [ Noml\quad(Ro/Ee) " {1/2}$ 1 Nom&\cr\tskc{4}{2pt}
%Euler{Eul$\Delta p/ rho V' 2%|Pressure drop due to friction/&\cr
BhomlhemitomniNquad dynamic pressure&\cr\tskc{4}{2pt}
AFreude [Frigv/(gl) 41/23%1kern-0.5em\dag(Inertial force/gravitational or

“kernG.25emNer

P omflom!$V/NLE I \quad buoyancy force)$ {1/2}8&\cr\tskc{4}{2pt}
tGay-Lussac{Galti/\beta\Delta T$lInverse of relative change in&\cr

2 omivomitomilquad volume during heating&\cr\tskc{4}{2pt}
gGrachof(Gr ($el. 3 betaDelta T/ \nu"28|Buoyancy force/viscous force¥\cr\tskc{4}{Ipt}

PLIEC _HET S Tambda/r _LEIGyrofrequency/&\cr
whopiid ceefficrent ] hf1? D om!Noml\quad collision frequency®\cr\tskc{4}{2pt}
tokc{4k{2pe} Ntralet} .

«("dag) Also defined nn the 1nverse (square) of the gquantity shown.
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DIMENSIONLESS NUMBERS OF FLUID MECHANICS!?

Name(s) Symbol Definition Significance
Alfvén, Al, Ka | Va/V *(Magnetic force/
Kéirman inertial force)!/?
Bond Bd (p' = p)L%g/= Gravitational force/
surface tension
Boussinesq | B V/(Qg}‘i)l/2 (Inertial force/
gravitational force)!/?
Brinkman Br wV2/EAT Viscous heat/conducted heat
Capillary Cp uV/o Viscous force/surface tension
Carnot Ca (Ty -~ T1)/T> Theoretical Carnot cycle
efficiency
Cauchy, Cy, Hk | pV?/T = M? Inertial force/
Hooke compressibility force
Clausius Cl LV3p/kAT Kinetic energy flow rate/heat
conduction rate
Cowling C (V4/V)? = Al> | Magnetic force/inertial force
Crispation Cr us/XL Effect of diffusion/effect of
surface tension
Dean D D32V /u(2r)t/2 | Transverse flow due to
curvature/longitudinal flow
[Drag Cp (p' —p)Lg/ Drag force/inertial force
coefficient)] p'V?
Eckert E VZ/c,AT Kinetic energy/change in
thermal energy
Ekman Ek (1//‘2§2L2)1/2 = (Visctus force/Coriolis force)/?
(Ro/Re)/?
Euler Eu Ap/pV? Pressure drop due to friction/
dynamic pressure
Froude Fr V/(_(/L)l/2 t(Inertial force/gravitational or
V/NL buoyancy force)!/?
Gay-Lussac | Ga 1/8AT Inverse of relative change in
volume during heating
Grashof Gr gL33AT/1*? Buoyancy force/viscous force
[Hall CH AJrp Gyrofrequency/
coctlicient] collision frequency
L

*(1) Also defined as the

23

inverse (square) of the quantity shown.
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\input prolog \pagenc=24 ' BEGINNING OF TABLE.
\hoffset=1truein\voffset=1trueinihsize=6.5trueln\vsize=9truein
\vbox{\tabskip=0pt \offinterlineskip \def\quid{\hskipO.5em\relax}
\halign to \hsize{'wvruls#itabckip=0. 5em plus2em&’strut¥\hf1l& \vrulesis
\hfi1l&\vrulesge hfrlt vrulesdd hirl&\vrules tabskip=0pticr \trule
g\hf1l Name(s)!“om'hidewidrh Symbol\hidewidth{ hf:l Definition|{\hfil
Significanceificr
% DRAW DOUBLE RULE BENEATH HEADING.
\tskc{4}{2pt} \trule \tskc{4}{1.0pt} \trule \tskc{4}{2pt}
gHartmann | HI$BL/ (\mu*eta) {1/2}=$|Magnetic force/&\cr
g\om{\oml\guad (®mntts Revts C)$7{1/2}$\h1dewidthll\quad dissipative
forceg\critskc{d}{2pr}
ZKnudseni¥n|$\lambda/LE | Hydrodynamic time/&\cr
Z\om{Noml\em! quad collision time&N\cr\tskc{4}{2pt}
&lorentzlLcldV./clIMagnitude of relativastic effects&i\cr\tskc{4}{2pt}
gLundquist!Lul$\mu_OLV A/‘nta:$|
¢{\bf J}\times{ bf Bifforce/resistive magnetic&\cr
Z\om|\oml\quad Al\ts le\quad diffusion force &\cr\tskc{4}{2pt}
ZMachiMI$V/C_S$iMagnitude of compressibilityd\cr
g\om|Nom|\om!\quad effectsidcr\tske{4}{2pt}
ZMagneticiMml3V/V_ A=% A13°{-1}3!(Inertial force/magnetic force)$ {1/2}%
\hidewidthik cr
ghomquid Mach hfali omhen! omNeritske{4a}{2pt}
ZMagnetic|Rmld\mu_CLV/Veta¥iFlouw velocity/magnetic diffusiond\cr
£hom\quid Feynolds hfillh-m!iVoml\quad velocity¥\cr\tskc{4}{2pt}
LNewton|Ne|$F/\rho L7 2V 28 1rpeced force/inertial forcek\cr\tske{4}{2pt}
Nusselt {N|$“alpha L/kIITztal heat transfer/thermal&\cr
#homiNom|\omiqund conduction’ critskc{4}{2pt}
ZP\’eclet[Pel$LV/\kappa$|Heat convection/heat conduction\hidewidth&\cr \tskec{4}{2pt
&Poisseuille|Po|$D 2 \Delta p/*m* LV$|Pressure force/viscous force&\er\tskci{4}{Zpc}
&Prandtl,|Pr, Scl$\nu/ kappatit-omentum diffusion/&\cr
Z\om\quid Schmidt hfill\cm)oml\iquad heat diffusiongl\cr\tskc{4}{2pt}
kKRayleigh|Ral$gH 3\betalTelta T/ nulkappas!Buoyancy force/diffusion force&lcr
\tske{4}r{2pt}
ZReynolds |kel$Ly/ nutlInertial force’/viscous fercek cr\tske{4}{2pt?}
&RichardvonlRlI?(NHfﬂbwltn Vi 2% Bunyancy effecun/&N\er
&\om|Nom! quad vertionl shear effects&icritske{4:{2pt}
&Ro::by\&al&J/L Ormero L n ridatiInertial force/Coriolas force%er \tskc{4:{pt
ZStanton|Stl®alpha, “rke c_p VEIThermal conduction loss/&\cr
&\om|VomlVNomiquad heat capacitydicritske{4}{2pt}

Maa a Kk a o S Ca™ 0" A A3 P L A0 1% % 2R BB B BB L & % % »

¢StefaniSf{f\s1gmns L7 2 wilFaiiared heat/conducted heatfhcr\tske{4}{2pt}
ZStokes |StEAnu/L 208 Viccaur darping rate/&cr
&\mwl\:ml\“ﬁl guad vibracs o freguencytor tske{4H{2pt}
gEtrauhal " Cr BT vy <l flow velroytyRcrtshe{qaM{2pt}
ATl T bt : rifugal £ v e vaicorus forceft oy
. 4 i ’ PifTemeyidornl forecessgher
E_ Loomiomiopne it s R TS S S U
3 [ SRl 4 o
t: wThraing, ! Tn, P T et rve heat o cor vt !
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Name(s) Symbol Definition Sigunificance
Hartmann H BL/(;U/)I/Z = Magnetic force/
(Rm Re C)!/2 dissipative force
Knudsen Kn A/L Hydrodynamic time/
. collision time
Lorentz Lo V/e Magnitude of relativistic effects
Lundquist Lu nolVy/n = J x Bforce/resistive magnetic
AlRm diffusion force
Mach M V/Cs Magnitude of compressibility
effects
Magenctic Min V/Vy = Al Inertial force/magnetic force)t/?
le] {')
Mach
Magnetic R nolV/n Flow velocity /magnetic diffusion
Reynolds velocity
Newton Nt F//)LzV") Imposed force/inertial force
Nusselt N oL/k Total heat transfer/thermal
conduction
Péclet Pe LV/k Heat convection/heat conduction
Poisseuille Po D*Ap/pLV Pressure force/viscous force
Prandtl. Pr. S« vk Momentum diffusion/
Schmidt heat diffusion
Rayleich Ra gH3BAT vk Buoyancy force/diffusion force
Reynaolds Re LV/v Inertial force/viscous force
Richardson | Ri (NH/AV)? Buoyancy cffects/
vertical shear effects
Rosshy Ro V/2QL sin A Inertial force/Coriolis force
Stanton St wfpe,V Thermal conduction loss/
Lheat capacity
Stefan St oLT?/k Radiated heat/conducted heat
Stokes S v/L*f Viscous damping rate/
vibration frequency
Stronhal Sr fL/V Vibration speed/flow velocity
Tavlor Ta (2QL%/v)? Centrifugal force/viscons foree
RY2(AR)? | (Centrifngal force/
(/1) viscons foree)t/?
Thring. Th. Bo pep V/frrT3 Convective heat transport/
Joltzinann radiative heat transport
Weber W p LV Inertial force/surface tension

L
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\input prolog
\hoffset=1truein‘voffset-Iitruein‘hsize=6 . 5truein‘vsize=9truein
\pageno=25
{\headfont Nomenclature:}
\msk \def\Cr{\cr \noalign{‘vskip 2.5pt}}
%, \Cr HAS BEEN DEFINED TO LEAVE AN EXTRA SPACE AFTER EACH ALIGNED LINE.
\halign{#\hfi1l&\qquad#\hfilicr
$B$&Magnetic 1nduction\Cr
$C_s,c$4Speeds of sound, light\Cr
$c_p$&Specific heat at constant pressure (units $\rm m"2\ts s~ {-2}\ts
K {-1}$)\Cr
$D=2R$&P1pe diameter\Cr
$r¢&Imposed force\Cr
$f$eVibration frequency:\Cr
$g¥&Gravitational acceleration\Cr
$H, L$&Vertical, horizontal length scales\Cr
3$k=\rho c_p \kappa$&Thermal conductivity (units $\rm kg\ts m {-13\ts s {-2}$)\Cr
$N=(g/H)"{1/2}$&Brunt--V\"a1s\"al\"a frequency\Cr
$R$LRadius of pipe or channell\Cr
$r$2Radius of curvature of pipe or channel\Cr
$r_L%&Larmor radius\Cr
$T$2Temperature’\Cr
$V$&Characteristic flow velocity \Cr
$V_A=B/(\mu_0O\rho) " {1/2}33%A1fv\ en speed\cr
$\alphat&Newton’s-law heat coefficient, $\displaystyle k{\part T \over
\part x}=\alpha\Delta T$\Cr
$\betat&Volumetric expansion coefficient, $dV/V = \beta dT$\Cr
$\Gamma$&Bulk modulus (units $\rm kg\ts m " {-1}\ts s~ {-2}$)\Cr
$\Delta R, \Delta V, \Delta p, \Delta T$&Imposed difference in two radii,
velocities,\cr
pressures, or temperatures\Cr
$\epsilon$&Surface emissivity\Cr
$\eta$4Electrical resistivity\Cr
$\kappat&Thermal diffusivaty (units $\rm m 2\ts s {-1}$)\Cr
$'Lambda$&latitude of point on earth’s surfacel\Cr
$\lambdat¥Collisional mean free path\Cr
$ mu=“rho\nutiBulk viscosity 7r
$\mu_GTiPermeabiliity of free spacelCr
$ nutt¥irematic viscesity (units $\rm m"2\ts s {-1}$)\Cr
tirhefiMacs density of fluid redium’Cr
. replet, or moving ebject\Cr
rmokgtts o {-2FENCr
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Nomenclature:

Magnetic induction

Speeds of sound, light

Specific heat at constant pressure (units m?s~2 K1)
Pipe diameter

Imposed force

Vibration frequency

Gravitational acceleration

Vertical, horizontal length scales
Thermal conductivity (units kgm™?! s "2)
Brunt--Vaisala frequency

Radius of pipe or channel

Radius of curvature of pipe or channel
Larmor radius

Temperature

Characteristic flow velocity

Alfvén speed

Newton's-law licat coeflicient, k— = «AT
z

Volumetric expansion cocfficient, dV/V = gdT
I Bulk modulus (units kgm™* s7?)

AR.AV.Ap. AT Imposed difference in two radii, velocities.
pressures, or temperatures

Surface emissivity

Electrical resistivity

Thermal diffusivity (units m?s~1)

A Latitude of point ou ecarth’s surface
A Collisional mean free path
jo= pv Bulk viscosity
/o Permeability of free space
Kinematic viscosity (units m=s~1)
Mass density of fluid medinm
Mass density of bubble. droplet. or moving object
Surface tension (units kgs™7)
Stefan Boltzmann constant

Solid-body rotational angular velocity
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\1input prolog
\hoffset=1.25truein\voffset=1.0truein\hsize=6.0truein\vsize=9.0truein
\pageno=26
{\def\ups{\upsilon} \def\NQ{\medskip\N\quad} \def\PH{$\phantom{1}$}
\def\sq{ {\phantom{1}2}} \def\medskip{\vskip4.0pt}
% \PH SKIPS THE SPACE OF THE DIGIT ’1’ SO THAT EQUATIONS NUMBERS LINE UP.
. \medskip KAS BEEN REDEFINED TO ADJUST THE SPACING OF THE TABLE.
% “NQ SKIPS SPACE DOWN AND INDENTS ONE \quad TO ALIGN EQUATIONS.
‘centerline{ \headfont SHOCKS} \bsk\indent
At a shock front propagating in a magnetized fluid at an angle $\theta$ with
respect to the magnetic induction {\bf B}, the jump conditions are $°{13, 14}%
\NGWPH(1) $\rho U = ‘ov{\rho}\ov{U} \equiv g$;
ANQ\PH(2) $.rho U 2+p+B_\perp\sq/2\mu=\ov{\rho}\ov{U}"2+
vov{p}+iov{B} \perpisq/2\mu$;
WNGAVPH(3) $.rho UV - B_\parallel B_\perp/\mu =
Nov{\rho}\ov{U}I\ov{V} - \ov{B}_\parallel \ov{B}_\perp/\mu$;
\NQWPH(4, $B_\parailel = \ov{B}_\parallel$;
MHONPH(S) $UR_\perp - VB_\parallel = \ov{UMov{B}_\perp -
Nov{V}\ov{B} “parallel$;
\KQWPH(E) ${1\over2}(U"2+V 2)+uw+(UB_\perp\sq-VB_\parallel B_\perp)/\mul\rho U$
\smallskip
\qauad\qquadigquadi={1\over2y (Nov{li}"2+\ov{V}-2) \ov{w}+(N\ov{UX\ov{B}_\perp\sq
-Nov{V}\ov{B} \parallelNov{B}_\perp)/\muNov{\rho}\ov{U}$.
\medskip\N
Here $U$ and $V$ are components of the fluid velocity normal and tangential to
the front in the shock frame; $\rho = 1/\ups$ is the mass density; $p$ is the
pressure; $B_\perp = B \sin \theta$, $B_\parallel = B \cos \theta$; $\mu$ is the
magnetic permeability ($\mu = 4 \pi$ in cgs units); and the specific enthalpy is
$w = e + p\ups$, where the specific internal energy $e$ satisfies $de = Tds
- pd\ups$ in terms of the temperature $T$ and the specific entropy $s$.
Quantities in the region behind (downstream from) the front are distinguished by
a bar. If ${\bf B} = 0%, then$ {15}%
\NQ\PH(7) $U - Nov{U} = \left[(Nov{p} - p)(\ups - Nov{\ups})\right]~{1/2}$;
\NQVPH(B) $(N\ov{p} - p)(\ups - Nov{\ups})“{-1} = q~28%;
\NANPH(9) $\ov{w} - w = {1\over2}(Nov{p} - p){\ups + \ov{\ups})$;
\NQ(10) $\ov{e} - e = {1\over2}(N\ov{p} + p)(\ups - \ov{\ups})$.
\medskip\N
In what follows we assume that the fluid is a perfect gas with adiabatic index
$.gamma = 1 + 2/n%, where $n$ 1s the number of degrees of freedom. Then $p =
\rho RT/m$, where $R$ 1s the universal gas constant and $m$ is the molar weight;
the sound speed 1s given by ${C_s} 2 = (\partial p/\partial\rho)_s = \gamma
plupst; and $w = \gamma e = \gamma p \ups/(\gamma + 1)$. For a general oblique
shock 1n a perfect gas the quantity $X = r {-1}(U/V_4) 2% satisfies$ {143$
\NQ(11) $(X - “beta/\alpha)(X - \cos 2\theta) 2 =
I\sin 2\thetavieft\{\left[1 + (r-1)/2\alphalright]X - \cos 2\thetalright\}$,
where $r="ov{\rko} “rhot, $.alpha={1t\over2}\left[Ngamma+1-(\gamma-1)r\rightl$,
and $\beta={C_s} 2/{V_A} 2=4 pi1\gamma p/B"2%.
\medski1p\N
The density ratio 1s bhounded by
VNQ(12) 31 < r < (hgamma+1)/(Cgamma-1)$. ‘\medskip\N
If the shock 15 normal to {\bf B} (1.e., 1f $\theta = \pi1/2)$, then
\NQ(13) $U 2=(r/“alpha)ileft
N{{C s} 2+{V_a} 2 left(1+(t-\gamma/2) (r-1)\right]\r:ght\1}$;}
\vfilieject\end
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-~ SHOCKS
At a shock front propagating in a magnetized fluid at an angle 6
- with respect to the magnetic induction B, the jump conditions are 1314
N e
<~ (1) pU = pU = ¢
s _ _
~ (2) /)U2+1)—{-B_L2/2/L: 3U2+'1_)+B_L2/2/L:
' (3) /)U‘f—B”B_L//L:_)UV—BHB_L//L;
: (~1) B“ = B”:
- (0) UBL =V By =UBL — VDy:
(G) (U2 + V3 4+ w4+ (UB? = VB BL)/ ppU
< ) - _ — 5 0 — = = . -
'_-.‘ :-}_;(U'—l»\’”)+'lll+(UB_L’—VB“B_L)//L/:U.
( Heve U and Voare compounents of the finid velocity normal and tangential
- to ‘he front in the shock frame: p = 1/v is the mass density: p is the
pressurer Byo= Bsinf. B = Bcosf: pis the magnetic permeability
-~ : . . . g .
(p0 = 4w in cgs units): and the specific enthalpy Is w = e + pv. where
- the specific internal energy e satisfies de = Tds — pdv in terms of the
- temperature 7 and the specific entropy s. Quantities in the region behind
- (downstream frmn) the front are distinguished by a bar. If B = 0, then!®
(T) U =T =[5 = p)e = o)V
) (S)(ﬁ—p\(w—ﬂ)—l = q°
:i: (D) o — = %(17—/')(:'%—/7):
(10 ¢ — ¢ = }3([)—{- 1))(1‘ — ﬁ).
-. In what follows we assmmne that the fluid is & perfect gas with adiabatic
: index vy = 1 4+ 2/n. where nois the number of degrees of freedom. Then ,
. p = pRT/m.where I is the nniversal gas constant and o is the molar ‘
. werelit: the sound specd s given by C.° = (Op/0p)s = vpr: and w =
, o o= ypo/iy 4+ 1y For a general oblique shock in o perfect gas the
- guaontity N = 1'—1(1'/\"1 )7 satisties?d
: BEREAY —J/u){,\' —cas H)2 = Y sin"2 f {[1 + (r -1 ")/‘_)()‘] N — cos” H}_
o wheve = pfpo a0 = 1— + 1 —=(y=1Drl.and 4 = C.R/VAE = dryp/ B7
. The density ratio i bonnded by
- (12) 1« <ty 4 1)/ ty = 1).
:' If the shock is normal to B (e if # = 7/2)0 then )
. U = e LT VAT [ (= /20 = 1] )
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\input prolog .
\hoffset=1.25truein\voffset=1.0truein\hsize=6.0truein\vsize=9.0truein :
\pageno=27 ~
{\def\ups{\upsilon} \def\NQ{\medskip\N\quad} -
\def\sq{~{\ph{1}2}} \def\medskip{\vskip4.Opt} q
% \PH SKIPS THE SPACE OF THE DIGIT ’!’, SO THAT EQUATION NUMBERS LINE UP. :

% \medskip HAS BEEN REDEFINED, TO ADJUST THE SPACING OF THE TABLE. ~
% \NQ SKIPS SPACE DOWN AND INDENTS ONE \quad, TO ALIGN EQUATIONS. q

\NQ(14) $U/N\ov{U} = \ov{B}/B = r$;

\NQ(18) $\ov{V} =

\NQ(16) $\ov{p} = p + (1 - r"{~1})\rho U"2 + (1 - r"2)B"2/2\mu$. \medskip\N

If $\theta = 0%, there are two possibilities: switch-on shocks, which require

$\beta < 1$ and for which

\NQ(17) $U-2 = r{V_a}-2%;

\NQ(18) $\ov{U} = {V_A}"2/U$;

\NQ(19) $\ov{B}_\perp\sq=2B_\parallellsq(r-1)(\alpha-\beta)$;

\NGQ(20) $\ov{V} = Nov{U}\ov{B}_\perp/B_\parallel$;

\NQ(21) $\ov{p} = p + \rho U"2(1 - \alpha + \beta)(i - r"{-1})$, \medskip\N

and acoustic (hydrodynamic) shocks, for which

\NQ(22) $U-2 = (r/\alpha){C_s}"2%;

\NQ(23) $\ov{U} = U/r$;

\NQ(24) $\ov{V} = \ov{B}_\perp = 08;

\NQ(25) $\ov{p} = p + \rho U"2(1 - r {-1})$. \medskip\N

For acoustic shocks the specific volume and pressure are related by

\NGQ(26)

$\ov{\ups}/\ups=\left[(\gamma+1)p+
(\gamma-1)\ov{pI\right]/\left[(\gamma-1)p+(\gamma+1)\ov{pI\rightls.

\medskip\N

In terms of the upstream Mach number $M = U/C_s$,

\NQ(27) $\ov{\rho}/\rho=\uns/\ov{\ups}=
U/Nov{U}=(\gamma+1)M"2/[(\gamma-1)M"2+2]1$;

\NQ(23) $\ovip}/p=(2\gamma M 2-\gamma+1)/(\gamma+1)$;

\KQ(29) $\ov{T}/T=[(\gamma-1)M"2+2] (2\gamma M~ 2-\gamma+1)/(\gamma+1) "2M~2%;

\NQ(30) $\ov{M} 2=[(\gamma-1)M~2+2]/[2\gamma M~ 2-\gamma+1]$. \medskip\N

The entropy change across the shock 1is

\IQ(31) $\Delta s\equiviov{s}-s=c_\ups\ln{(\ov{p}/p) (\rho/\ov{\rhol}) "\gammal$,

\medskip\N

where $c_\ups=R/(\gamma-1)m$ is the specific heat at constant volume; here $R$

is the gas constant. In the weak-shock limit ($M\rightarrowi$),

\NQ(32) $\displaystyle ‘Delta s\rightarrow
¢ \ups{2\gamma(\gamma~1)\over3(\gamma+1)}

(M"2-1)"3\approx{16\gamma R\over3(\gamma+1)m}(M-1)"23$.

\medsk1p\N

The radius at time $t$ of a strong spherical blast wave resulting from the

explesive release of energy $E% in a medium with uniform density $\rho$ is

\NQ(22) $R_S = C_O(Et"2/ rha) {1/5}%,

\medskip\l

where $C_0% is a crnstant depending on $\gamma$. For $\gamma=7/5%, $C_0-1.033%.}

\wfilvejectiend

]
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(1 —»~HpU? + (1 = »?)B? /2.

= 0. there are two possibilities: switchi-on shocks. which require

3 < 1 and for which

(20) V =UB_/By:
(21) p=p+ pU?(1 — a4 3)(1 = r~ 1),
and acoustic (hydrodynamic) shocks, for which
(22) U? = (r/a)C%:
7 = U/r:
V= B_L = 0:
(20) p=p+ pU%(1 —»~1).
For aconstic shocks the specific volume and pressure are related by
126) ofv={vy+p+ (v -1p) /(v =Dp+ (v +1)p].
In terms of the upstream Mach number M = U/C,.
(27) j/p =0/ =U/U =(y+ 1)M?/[[(y — 1)M? + 2]:
(28) i/p = (29M> = v+ 1)/(v + 1):
(20) T/T = [(y — DM? 4+ 2)(29yM? = v+ 1)/(y + 1)* M=
(30) M7 =[(y = )M? 4 2]/[2yM? — v+ 1].
The entropy change across the shock is
(L) As=s5—s=c.In{(p/p)p/p)7].

where oo = R/(y — 1) is the specific heat at constant volume: here IR
i the gas constant, In the weak-shock limit (M — 1).

N 16y I?
- 3(vy+ 1)ym

The radins at thime ¢ of & strong spherical blast wave resulting from the
cxplosive release of energy E in a medinm with nniform density pois

(M —1)°.

(33) Re = Col B2/ p)t/ 7,

wlicre 7 1s a constant depending on v, For v = 7/5. 'y = 1.033.
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.
ragens=C8 '
centerline haadf ne PLASMA PARAMETERS} :
blgowip indent
ALl guantities are ir v cgs units except temperature {($T$, $T_e3, $7_:% ;
=xprecsed ino eV oand 1an mass ($m_1i%) expressed in units of the proton macs, :
Poruseoromopt; 30,2% 5 charge state; $\,k$ is Boltzmann’s constant; $.,KY 1= :
<rvelergeh; B Crarrat 1z the adiabatic index; $\,\1n\Lambda$ is the Coul~rh
Togarithn X
- wor equchlea} \smallskip
. 1‘&5 E; .
LTE CE AFTER EACH LINE X
ralignd f
el e {ce}/2\pi=2.80\times10"6B\,\rm Hz  CK K,

-~

2 0"7B\,\rm rad/sec\CR
Lorowr frequencyif Joilzoomepn {c1}/2\p1:1.52\t1mele“32\mu“{~1}B\,\rrH: s
] timez107 22 \mu"{-1}B\,\rmrad/sec CR A

B ]
% Mn_ i ’
% 2}\CR
& 0‘32\mv‘{—1/2}{n_;}’{1/ Nrmrad/sech Tk
elecy eKE/m_e) {1/2}\CR
% K L{1/23E {1/23\ ,"rm sec {-1}\CR
1en ot rate r= {6 _1) " {1/23\CR
Lorh{nu_ {71} tires 107 TK {1/ 2}E{1/2\mu"{-1/2}\ \rmsec {-1} 7=
2lectron collicaa X
nu_e=2.90 timect o Urn_edNIntLambdafT_e} {-3/23\,\rmsec {-1}\CR )
1on collisisn rated X

nu_1=4 . T8 timen: o =Fkn_1Z2 2 vIn Lambda{T_1} " {-3/2}\,\rmsec {-1}\C& ' -x )
nealigniihendfent Lengnho} i
¥ '
~lectron delrog Whar/{m_ekT_e) " {1/2}=2.76\t1mes10 {-2> B
ST el {-1/2 A

>

H{-7IT {13\, \rm cm\cr

Acer=0.38{T e} {1/2}8°{-13\ ,"rmcm* o 'F

10n gyx"\’1u~ﬂ* “TR !
Baphdr a1d=1. Tt {T o2y {1/
plasma ckan Jep im0 n_
Debye lenpthiil DRI AN el o
Loph{ilambda T T {-1/2) rmoen ORTY X
GELL et e :
/
J
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! FUNDAMENTAL PLASMA PARAMETERS
N

All quantities are in Gaussian cgs units except temperature (T T, .
T;) expressed in eV oand 1on mass (m; ) expressed in units of the proton

:3 mass, o= m;/m,: Z is charge state: bis Boltzmann’s constant: K s
" wavelength: v is the adiabatic index: In A 15 the Conlomb logaritlin.
" .
Frequencies
s’ . o G
. clectron gyrofrequency foo = w, /27 = 2.50 x 10”131z
N Wee =B/ oo =1.76 x 10" Brad/sec
y
N . . K - 3 _1
< 1on gyrofrequency foi =we /27 =102 x 10°Zp~ " B Hz
L)
o N : -
N wep, =cB/mic =008 X 1()32/1 'R rad/sec
. clectron plasma frequency fre =w, /27 = 898 x 10% 50, Y2 1y,
b ’ I ) 1 s 1‘( 1‘( - oo ¢ A
v, 2 12
1'5." Wy =AdT0o0" [ /
. .o 1o/ .
E‘ = 5.64 x 1070, 1/ rivd /sec
‘- . . N
t- 1on plasma frequency fri = wpif2m
N PR .
=210 x 10~ Z 12, 1/ Hy,
s 2
wy, = (470,27« /m,)l/
3o ~1/2 2
= 1.32 x 10° 2, 7Y% 0, 2 ad /see
. I . — a0 1/2
clectron trapping rate vr. = (¢ KNE/m,)
- op S 1-1/2 n1/2 -
= 7.26 x 105KY2EY 2 gee™?
- : . 1/2
Lo Trappiig rate vy = (o NEjm; /
- VT l/2 a1/ =12 -
=1.60x 10" K/ =EY?, /2 gee !
T 5 — 0 g = 3/2 -1
clectron collision rate e = 2,91 x 10770, In AT, Seo
: - —a —8 50 -3/2 -
oo collision rate v, = 178 x 1070, 72 In AT, /2 oo™t
Lengths
. . s - B A
clhectron deBroolie Tength X=nh/tm, LT, ;] oz 2T0 <10 i, I e
. . . a . LT e
clissien] distiance of =/ = 1o 1O DTl e
i approach
clectron evroradins r,o= ooy, S s 200N BV em
1o L'_\'l'(yl';\(l.]l]\' r, = /'1,1,/_,;,.,
) T S T R Doy -
= 02w tom et R SRR TS
Pl sk depth cfa =0T s 10w T G
l)t'lfv.\‘n' lenotl ,\]) = 1}"'/“;‘2"1 /’/" e )




A pte gd

\input prolog
\hoffset=1truein\hoffset=1truein\vsize=6.5truein\vsize=9truein
\pageno=29
{\headfont Velocities}
\smallskip{\def\CR{\cr\noalign{\vskip2.5pt}}
% \CR SKIPS A SPACE AFTER EACH LINE.
\halign{\quad#\hfil&\gqquad$#$\hfill\cr
electron thermal velocity&v_{Te}=(kT_e/m_e) {1/2}\CR .
Z\ph{v_{Te}}=4.19\times10"7{T_e} "{1/2}\,\rm cm/sec\CR
ion thermal velocity&v_{Ti}=(kT_i/m_1) {1/2}\CR
\ph{v_{Ti}}=9.79\times10 " 5\mu " {-1/2}{T_1}"{1/2}3\,\rm cm/sec\CR
ion sound velocity&C_s=(\gamma ZkT_e/m_1)"{1/2}\CR
&\ph{C_s}=9.79\tines10"5(\gamma ZT_e/\mu) "{1/2}\,\rm cm/sec\CR
Alfv\’en velocity&v_A=B/(4\pi n_im_1) {1/2}\CR
E\ph{v_A}=2.18\times10 {11\ mu"{-1/23{n_13"{-1/2}B\ ,\rmcm/sec \CR
\noalign{\headfont Dimensionless}
\sk
(electron/proton mass ratio)$ {1/2}8%(m_e/m_p) {1/2}=2.23 times10 {-2}=1 42.5 %
rumber of particles 1in&(4\p:/3)n{\lambda_D} 3=
1.72\times1079T {3/2}n " {-1/2M\cr
\quad Debye sphere\CR
Alfv\’en velocity/speed of light&v_A/c=7.28\mu"{-1/2}{n_1}"{-1/2}B\CR
electron plasma/gyrofrequencyk
\omega_{pe}/\omega_{ce}=3.21\times10"{-3}{n_e} {1/2}B"{-1}\cr
\quad ratio\CR
ion plasma/gyrofrequency ratiok
\omega_{pi}/\omega_{c1}=0.137\mu"{1/2{n_1}"{1/2}3B"{-1}\CR
thermal/magnetic energy ratioZ\beta=8\p1 nkT/B"24.03\times10 {-11}nTB {-I; 7%
magnetic/ion rest energy ratiokB " 2/8\pi n_im_1¢ 2=26.5\mu"{-1}{n_3}"{-1}3°2 ¢
\sk
\noalign{\headfont Miscellaneous}
\sk
Bohm diffusicn coefficientiD _B=(ckT/16eB)\CR
&\ph{D_B}=6.25\times10"6TB {-1}\,\rm cm~2/sec\CR
transverse Spitzer resisthlty&
\eta_\perp=1.15%times10°{-14}2 1n\Lambda T {-3/2}\, \rm sec"CR
&\ph{\eta_\perp}=
1.03%t1mes107{-232  In Lankda T {-3/27",Omegal\rm\,cm\CR}}
\smallskip'noindent
The anomalsus coll:sion rate due teo low-frequency lon-sound turbulences 17
$$\nu\rhfr{*1\amyz‘x\cmwyn_{p»} widetilde W/kT=5.64%times51074{n_e} {172}
»{ A} %
where $.widatilde ¥% s the tatal energy of waves with $lomega/K < v_{T:i}¥
\smallskip\noindent

1

\wideti1lde W/xTV, rm

O)

Magnetic pressure 1s given by
$$P_{\rm magr=B"2/8.p1=3 .98 times10" 6B 2\, {\rm dynes./cm}"2=3.93(B/B_0) 2", rr
atm,$3

where $8 0=12% Mrm k5=1",7%.

.
“smallckipinoindent
Detcnation gnergy of | kiloton of high explosive 1s
39 _{\rm kTI=10"{12} ,"rrm cal=4 .2 t1mes10°{19}\,erg.$$

‘vfillveject end
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E Velocities

',': clectron thermal velocity vre = (kTe /M. )1/2

i =4.19 x 1077, 1/2 cm/sec

N 1on thermal velocity VT = (lv"‘ri/‘”’»i)l/2

E‘R =9.79 x 10°,~Y/2T;}/? cm/sec
ion sound velocity Cs, = (’YZI»'TC/‘”H)UQ

] = 9.79 x 10°(yZT. /1)*? cn/sec

:' Alfvin veloceity vy = B/(4'7fni'77li)l/2

F =2.18 x 10" =Y/ 2p; 7Y/2 B e /sec
. Dimensionless
h (c¢lectron/proton mass 1'nti0)1/2 ('m,e/an)l/2 =2.33x 1077 =1/42.9
Fr:. number of particles in (47 /3)nAp> = 1.72 x 10°T3/2—1/2
N Debye sphere
Alfvén veloeity /speed of light va/e = 7.28/L_1/27Li -1/2p
clectron plasma/gyrofrequency Wpe [wee = 3.21 X 1073 /2Bt
ratio
ion plasma/gyrofrequency ratio Wpifwei = 0.137/L1/2‘n;1/2B_1
thermal/magnetic energy ratio B =8mnkT/B? = 4.03 x 10~ pT B~
magnetic/ion rest energy ratio 132/871"nl~777,,-c2 = 26.5/L_1n,~"1B2

Miscellaneous
Bohm diffusion coetlicient Dp = (ckT/16eB)
= 6.25 X 10°7TB~! cm? /sec
S VOTS ot rediatlvi n. — " —14 ~3/2 ...
transverse Spitzer resistivity ne = 1.15 x 10 ZIn AT sec
1.03 x 10722 AT™%*/2 Qem

The anomalons collision rate due to low-frequency ion-sound turbulence
i~

v ow),, 17{//1.:7“ = 5.64 % l()4'11,(1/2W//\:7’ sec” !,

where Wois the total energy of waves with w/K < vr;.

Miagnetic pressare is given by
P = B? /87 = 3.08 x 10° B® dynes/em® = 3.93(B/By)° atm.
where By = 10kG =1T.

s )

Al
. . : . . v
Detonation energy of 1 kiloton of high explosive is A
!
b
12 1
Wit = 107" cal = 4.2 x 10 9()1‘;;’. ;
v
¢
b
4
§
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‘centerline{\headfont PLASMA DISPERSION FUNCTION}

“bigskip\N Definition$ {16}$ (first form valid only for Im$\,\zeta>0$):

#3Z2(\zeta)=\pi~{-1/2F\int_{-\infty} {+\infty}{dt\ ,Nexp\left(~t " 2\right)\over

t-\zeta}r=2i\exp\left(-\zeta " 2\right)\int_{-\infty} {i\zetal}dt\, \exp\left(-t"2
right).$8

\¥ Physically, $\zeta=x+iy$ is the ratio of wave phase velocity to thermal

velocity.

‘medskip\N Differential equation:

t2{dZ\over d\zetal}=-2\left(1+\zeta Z\right),\>Z(0)=i\pi~{1/2};\quad{d 22 \over d

‘zeta~2}+2\zeta{dZ\over d\zeta}+22=0.$$

“N Peal argument ($y=0%$):

$3Z(x)=\exp\left(-x"2\right)\left (i\pi~{1/2}~2\int_0"x dt\,\exp\left(t " 2\right)

\right).$$

\}N Imaginary argument ($x=0%$):

£3Z(iy)=i\pi~{1/2F\exp\left(y 2\right)\left[1-{\rmerf}(y)\right].$$

\N Power series (small argument):

$2Z(\zeta)=i\pi~{1/2MN\exp\left(-\zeta 2\right)-2\zeta\left(1~2\zeta"2/3+4\zeta"”

4/15-8\zeta"6/108+\cdots\right).$$

\H Asymptotic series, $\mid\zetal\mid\ggi$ (Ref. 17):

$2Z2{\zeta)=1\p1~{1/2 \sigmal\exp\left(-\zeta 2\right)~-\zeta " {~1}\left (1+1/2\z=ta
"2+3/4\zeta"4+15/8\zeta"6+\cdots\right),$$

where

t$\sigma=\left\{\,\vcenter{\halign{$#\;$&\hfil$#S \hf11&\hfils\ ;2\ ;$\hfileda$

\hfiller

O\;&y&>&\mid x\mid {-1}\cr

1\;&\mid y\mid&<&\mid x\mid {-1}\cr

2\; &y&<&-\mid x\mid " {-1}\cr}}\right.$$

"l Symmetry properties (the asterisk denotes complex conjugation):

viZ(\zeta\hbox{*})=-\left[Z(-\zeta)\right]\hbox{\kern-1pt*};$$

¢1Z(\zeta\hbox{*})=\left[Z(\zeta)\right]\hbox{*}+2i\pi~{1/2}\exp[-(\zeta

“whox{*}) 2]\quad(y>0).%3%

1 Twc-pole approximations$~{18}$% (good for $\zeta$ in upper half plane except

when $y<\pi~{1/2}x 2\exp(-x"2),\;x\gg1$):

ti\eqalign{Z(\zeta)&\approx{0.50+0.81i\over a-\zeta}-{0.50-0.81i\over a\hbox{+}+
“zetar,\;\;a30.51-0.811i;\cr

2’ (\zeta)&\approx{0.50+0.961i\over(b-\zeta) 2}+{0.50-0.961i\over (b\hbox{*}+\zeta "~

23,\;\;030.48-0.911i . \cr}$s

“vfil\eject\end
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E" PLASMA DISPERSION FUNCTION
T
;-" Definition!® (first form valid only for Im ¢ > 0):
o2 dt exp (—tz) i
... o —1/2 — . _r2 X 42
:E:: Z({)=m / P _21.(,xp( ¢ )/ dt (,xp( t )
|': _—C —_oC
) Physically, ¢ = = + ty is the ratio of wave phase velocity to thermal
i velocity.
E: Differential equation:
- 4z . d*Z dz
- — = —2(1+¢Z). 2(0) = in*/*; 2(— +2Z = 0.
2 = (1+¢Z). Z(0) =i I

Real argument (y = 0):

Z{x) = exp (—1:2) inl/2 _ 2/I dt exp (t'z)
0

lmaginary argument (z = 0):
Z(iy) = imt/? exp (yz) (1 — erf(y)].
Power series (small argument):

Z(¢) = in " exp (=) = 2¢ (1-2¢°/3 +4¢ /15 - 8¢° /105 + - -) .
Asyviptotic series. | ¢ 3> 1 (Ref. 17):
21¢) = in*Paexp (=¢7) = ¢ (14 1/2¢3 +3/4¢ +15/8¢° + - ++)
where
0 vy >|z|7t

s=31 [yl<le|
2y < -]zt

Svimetry properties (the asterisk denotes complex conjugation):
Z(¢%) = = [2(=O))*:
Z(C*) = [Z(O)] * + 2in 2 exp[=(C¥)®] (v > 0).
Two-pole approximations' (good for ¢ in upper half plane except wlen
iy < /22 «rxl)(—.lrz). s> 1)
0.50 + 0.81+ 0.50 — 0.81+

At T St

Z(¢) ~ . S a=0.51 — 0.810;
(©) a — ¢ a* + ¢ ( v
0.50 + 0.96i  0.50 — 0.964
2'(¢) ~ 220 F 00 D00 = 0907 48 — 02014,
(b — ()2 (h* + ()2
30
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\centerline{\headfont COLLISIONS AND TRANSPORT} \bsk\indent

Temperatures are in eV; the corresponding value of Boltzmann’s constant

is $k = 1.60\times 107{-12}\,$erg/eV; masses $\mu$, $\mu’$ are in units of
the proton mass; $e_\alpha = Z_\alpha e$ is the charge of species $\alphal.
All other units are cgs except where noted. \msk

{\headfont Relaxation Rates} \ssk\indent

Rates are associated with four relaxation processes arising from the
interaction of test particles (labeled $\alpha$) streaming with velocity {\bf
v}$_\alpha$ through a background of field particles (labeled $\beta$):

$$ \eqalign{ \hbox to 108pt{slowing down\hfil} &{d{\bf v}_\alphalover dt} =
-\nu_s \AOB {\bf v} _\alpha \cr

\hbox to 108pt{transverse diffusion\hfil} &{d\over dt}({\bf v}_\alpha

- {\bf \bar v}_\alpha)~2_\perp = \nu_\perp \AOB {v_\alphal}l"2 \cr

\hbox to 108pt{parallel diffusion\hfil} &{d\over dt}({\bf v}_\alpha -

{\bf \bar v}_\alpha) 2_\parallel = \nu_\parallel \A0B {v_\alpha}~2 \cr
\hbox to 108pt{energy loss\hfil} &{d\over dt}{v_\alpha}"2 = -\nu_
\epsilon~\AOB {v_\alpha}~2, \cr}$$

where the averages are performed over an ensemble of test particles and

a Maxwellian field particle distribution. The exact formulas may be
written$"{19}8

$$\eqalign{\nu_s"\AOB &= (1+m_\alpha/m_\beta)\psi(x~\AOB )

\nu_0"\AOB ; \cr

\nu_\perp \AOB &= 2\left[ (1-1/2x"\AOB) \psi{x“\AOB)+ \psi’(x"\AOB)\right]
\nu_O0"\AOB ; \cr

\nu_\parallel”\A0B &= \left{ \psi(x"\AOB)/x " \AOB\right] \nu_0"\AOB ; \cr
\nu_\epsilon~\AOB &= 2\left[ (m_\alpha/m_\beta)\psi(x~\AOB) -
\psi’(x"\AOB)\right]\nu_0"\AOB ,}$%

where

$$\nu_0"\AOB = 4\pi {e_\alpha}-2{e_\betal}-2\lambda_{\alpha\betal}n_\beta/
{m_\alpha}"2{v_\alpha}"3 ; \qquad x"\AOB = m_\beta {v_\alpha}~2/
2kT_\beta;$$

$$\psi(x)={2\over\sqrt{\pi}} \int_0"x \!dt\, t {1/2} e {-t}; \quad \psi’(x)
= {d\psilover dx},$$

and $\lambda_{\alpha\beta} = \1n \Lambda_{\alpha\beta}$ is the Coulomb
logarithm (see below). Limiting forms of $\nu_s$, $\nu_\perp$ and
$\nu_\parallel$ are given in the following table. All the expressions shouwn
\viil\eject\end
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o COLLISIONS AND TRANSPORT )
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N :
’ Temperatures are in ¢V; the corresponding value of Boltzmann’s constant
. —_1° ’ . .
. is & = 1.60 x 1072 erg/eV; masses g, g’ are in units of the proton mass:
W en = Zae 1s the charge of species a. All other units are cgs except where
: noted.
‘ -
: Relaxation Rates
. Rates are associated with four relaxation processes arising from the in-
v teraction of test particles (labeled «) streaming with velocity v,, through a
B background of field particles (labeled g3): ]
o . (an a/3
slowing down =—-v,'"v,
dt )
. 1
’ . . ( _ 2 n/d 2
y transverse diffusion Tt—(vn -V,) = V_L/ Ve
dt :
e s d — 2 a3 2 ]
! parallel diffusion —(Va — v,,)|| = v/ Ve
) dt I Y
< d 2 n/.3 2 .
y cnergy loss — v, = - Ve "
. dt
. wlere the averages are performed over an censemble of test particles and a
X Miaxwellian field particle distribution. The exact formulas may be written®? .
" (\/‘4 _ . (\/.3 (\/»’.
\ v, = (14 m,/m3)y(z )27
> /3 n/.3 a /3 lr o af3 a /.3,
vy = [(1 — 1722 Yy 4 (@) o
- 3 4 3 3 :
N w = ['z/r(J:”/ )/J:"/ ] 1/(?/ : .
N I .
N
. a /4 . n/.3 / a /.3 (\/.4
S v, =2 [( me, [ ) (e / ) — Y (x / )] 7
fn
2 where
' .
' o/ 2 2 2 3 4 2, .
' 1/‘;/ =dme, e T A gy /m, v, 2 = g, " [20T 5 :
h .
. ) x> ]/ ‘
: < 2 —t / “y ]
- (o) = — dtt1/2 et P () = —. ]
3 &S dr g
S 0 1
8 and ALy = 1In A, 4 is the Coulomb logarithm (see below). Limiting forms of

oo and pgare piven in the following table. All the expressions shown
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have units cm$"3\,$sec$ " {-1}$. Test particle energy $\epsilon$ and field
particle temperature $T$ are both in eV; $\mu=m_i/m_p$ where $m_p$ is the
proton mass; $Z$ is ion charge state; in electron--electron and ion--ion
encounters, field particle quantities are distinguished by a prime. The two
expressions given below for each rate hold for very slow $(x"\A0B \11 1)$ and
very fast $(x"\AOB \gg 1)$ test particles, respectively. \msk
% \app AND \lra ARE BOTH DEFINED IN PROLOG.TEX
\halign{\quad#\hfil &#\hfil &#\hfil \cr
g\hfil\undertext{Slcw} &\hfil\undertext{Fast} \cr
\kern-lem Electron--electron \hidewidth \cr
3$\displaystyle \nu_s"{e/e’}/n_{e’}\lambda_{ee’}$&$\app 5.8\times 10" {-6}
T {-3/2}$&$\1ra 7.7\times 10"{-6} \epsilon~{-3/2}$\cr
$\displaystyle \nu_\perp - f{e/e’}/n_{e’}\lambda_{ee’}$&$\app 5.8\times 10" {-6}
T {-1/2}\epsilon"{-1}$&%\1ra 7.7 \times 10°{-6} \epsilon~{-3/2}$\cr
$\displaystyle \nu_\parallel {e/e’}/n_{e’}\lambda_{ee’}$2$\app 2.9\times
10°{-6} T {-1/2}\epsilon~{-1}$£2$\1ra 3.9\times 10" {-6}T\epsilon~{-5/2}¢" cr
irnoalign{\smallskip Electron--ion \smallskip}
$\displaystyle \nu_s {e/1}/n_i1Z 2\lambda_{ei}$&$\app 0.23 \mu~{3/2}T7{-3/2}¢%
£$8\1ra 3.9\times 10°{-6}\epsilon~{-3/2}$ \cr
$\displaystyle \nu_\perp~{e/i}/n_iZ 2\lambda_{ei}$&$\app 2.5 \times 10°{-4}
wmu”{1/2}T{~1/2 \epsilon”{-1}$&$\1lra 7.7 \times 10" {-6}\epsilon~{-3/2}% “cr
$\displaystyle \nu_\parallel~{e/i}/n_i2"2\lambda_{e1}$&$\app 1.2
Ntimes 107{-4M\mu~{1/2}T"{-1/2}\epsilon " {-1}$&%\1ra 2.1\times
10°{~9\mu"{~-1}T\epsilon"{-5/2}¢ \cr
\noalign{\smallskip Ion--electron \smallskip}

$\displaystyle \nu_s"{i/e}/n_eZ 2\lambda_{ie}$&$\app 1.6 \times 10 " {-9F mu~{-:

T {-3/2}$&%\1ra 1.7\times 10°{-4X\mu~{1/2X\epsilen”{-3/2}$ \cr
$\displaystyle \nu_\perp {i/e}/n_eZ 2\lambda_{1e}$&3\app 3.2
\times 107 {-9}\mu"{~1}T {-1/2F\epsilon{-1}8&$\1ra
1.8\times 10" {-7H\mu {-1/2}\epsilon~{-3/27% \cr
$\displaystyle \ru_‘parallsl {17e} n_ =2 2 lambda_{1e}84f\app 1.6

\times 107{-9} mu"{-1}7 - 1 2}lepsilin {-1}f%¥ 1lra

1.7\tames 107 {-4} v 0 TiT epnilant {57238 Ner
“omallaskap}

rzalign{\smallskip Ion~--1om

$hdisplavstyle {"nu_s"{:1/: P2t larhda {1103 r% 8
$happ 6.8\times 107 {-3}1
Tefrlted\mu Novertmult sy vty r “bo{0.%ex}
LiEvlra 9.0%tmes 10°{-8} 1000 {0 cor o mur o+ 41 tover Lmu'roCroehe '
{mu 11/7) Nover Nepsilen {7 0RMD oy
Tudizsplaystyle {\nu_Aperp {:/1% Yover n L0003 2007 T2 Iarbhda_ {110 }3E
£8happ 1.4Mtimes 127{-T7F ru” st d-1r T{-0 TR
VepsilonT{-13% \hadewideh Sy Frxr
guitlra 1.8 times 10 {-TF ru -1 epnalen o200 ey
Tas . sy o D lambida f1y
SRR IR S R
e WD Fagd
D0y om0 Thepral {-572%8 vex} ook
. srey otranafer rate foll-uwrs from the ydentaty
Prru_tepsil pery - ‘nu_Cparallel (11
except for the case of fact «lectyons oy fast 3-ona coattered by 1oans, wher
the leading terms cancel.  Then the aprropriate forrs are
tireqalignd nu tepsilin {e 1y lengraightarrow 4.2 & taires 107{-03n_2772
artda feqd rr kolefn] Al T ety 2 F 0 taimes 1074 Omu 'TY A
erallen {-1F Lexp (S1RR0 oo epenlon T raehe] Lo ceck {-1Y Nerdin

vt lt e ject Verd
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have units cm” sec™ . Test particle energy € and field particle temperature T

arc both in eV; p = m;/m, where m, is the proton mass: Z is ion charge
state: in electron-electron and ion-ion encounters, field particle quantities are
distinguished by a prime. The two expressions given below for cach rate hold

for very slow (z°/2 <« 1) and very fast (/7 > 1) test particles. respectively.

Electron—clectron

v Jni A, 5.8 x 107032 s 77 x 107 %e73/2

v g Age 5.8 x 1072 77 x 1070732

v g Ao 2.9 x 10707727 3.9 x 1070
Electron--ion

1/:/i/’n,’Z2/\ei R ().23#3/2T—3/2 — 3.9 x 107%73/3

v fniZ% a0 2.5 x 107 M 2T 7.7 x 1070732

v i Z% A0 2 1.2 x 107 2T 2T L 21 x 1070 T e T8

Il
Ion- clectron
., 0
v e Z7 N e
i/ 2
v e Z7 Ne
‘ 2
Ulll/{ /e Z”Nie

1.6 x 107,71 773/2 L1 x 1072732
3.2 x 10_9/L—1T_1/26_1 — 1.8 % 10"7/L—1/2¢~t_3/2
1.6 x 10727~ Y/2e7 L 17 x 107 /2 Te /2

IR

Q2

Ion ion

ifi! /2 ’
Vs ~6.8x 107%E 14+ 2 )32
wi Z2Z'2 X0 ' J I p
1/2
—oox10-s (L)
it /L’ €3/2
V;/z’ )
L ~1.4x 107 /Y2, mtpmt/2 -0
II,I-/ZQZ’QAI'I'/ ~ ) / ’ . _
— 1.8 x 107 T3/
. -
1/|'/' . . .
| ~ 6.8 x 1073/ 2 iyl 1

//,/Z:’Z"-’/\,»l-/

— 9.0 X 1()_5;/1,1/2/1,/—.1Te‘_:'/'3

[n the same limits, the energy transfer rate follows from the wdentity

ve =2v, — 1 — V||

except for the case of fast clectrons or fast ious scattered by ions. where the
leading terms cancel. Then the appropriate fors are

l/:/' — 4.2 x 1()_01)‘,'22)\,,'

[6—3/2”—1 — 89 x 1()“‘(;1,/T)1/2r_1 oxp(—1836/lf/T)] see !
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and

$3\eqalign{\nu_\epsilon~{i/1’} \longrightarrow 1.8 &\times 10°{-7} n_{i’} Z°2
Z'"2 \lambda_{ii’} \cr &\left[ \epsilon~{-3/2F\mu"{1/2}/\mu’ - 1.1(\ru’/T)

-
“{1/2} \epsilon~{-1} \exp(-\mu’\epsilon/T)\right]l\,{\rm sec} {~1}.\cr}é¢ >
In general, the energy transfer rate $\nu_\epsilon \AOB$ is positive for :
$\epsilon>\epsilon_\alpha\hbox{*}$ and negative for $\epsilon<\epsilon_\alpha N
\hbox{*}$, 5

where $x\hbox{*} = (m_\beta/m_\alpha) \epsilon_\alpha\hbox{*}/T_\beta$ is the
solution of $\psi’(x\hbox{*})=(m_\alpha/m_\beta)\psi(x\hbox{*})$. The ratio
$\epsilon_\alpha\hbox{*}/T_\beta$ is given for a number of specific $\alpha$,
¢\beta® in the following table: g
% BEGINNING GF TABLE
$$\vbox{\offinterlineskip \def\quad{\hskip0O.6em\relax} \hrule \halign{ s
% \quad IS REDEFINED TO ADJUST SPACING. \
Z\vrule# &\strut\quad\hfil#\hfill\quad &\vrule# &\quad\hfil#\hfillguad )
#\hfil#\hfil\quad &\hfil#\hfil\quad &\hfil#\hfill\guad &\hfil#\hfil &\hfil#\hf1il ‘
\gquad \cr
height2pt&\om|\om&\om&\om&\om&\om&\om&\cr .
Z$\AOBS [$i/e$ &3e/e$, $i/i% &Se/p3 &3e/$D &%e/$T, $e/$He$ 3% &Fe/$He$ 4% &\cr ,
height2pt&\om|\om&\om&\om&\om&\omg&\om&\cr .
\noalign{\hrule}
height2pt&\om|\om&\om&\om&\om&\om&\om&\cr
#¢\displaystyle {\epsilon_\alpha\hbox{*}\over
T_\beta}$ ($1.5% £$0.98% &34.8\times 10°{-3}$ & $2.6\times
10°{-3}% &%$1.8\times 107 {-3}$ &\quad$i.4\times 10°{-3}% &\cr ;
height2pt&\om|\om&\om&\om&\om&\om&\om&\cr -
\noalign{\hrule}}}$$
“indent

v ¥ _g_@

When both speciles are near Maxwellian, with $T_i \approxlt T_e$, there are

Just two characterastic c¢ollision rates. For $Z = 1§,
t3eqalign{\ru_e&=2. 9 times 10" {-6}n\lambda{T_e} {-3/2}\,{\rm sec} " {-1};\cr
ru_1%=4 S8\times 107 {-8}n\lambda{T_1} {-3/2\mu"{-1/23\,{\rm sec} " {~1}.\cr}is
~smallskip
f“headfont Temperature Isotropization} 4
.arallzkip\indent
lzotropization 1s described by
$2{dT_\perp \over dt} = - {1 \over 2} {dT_\parallel \over dt} = ~\nu_T"\alpha
(T_\perp - T_\parallel),$s$
wnere, if $A \equiv T_\perp/T_\parallel - 1 > 0%,
$$\nu_T \alpha = {2\sgrt{\pi}{e_Malpha> 2{e_\beta} 2n_\alphadlambda_{\alpha

\beta} Nover {m_\alpha} {1/2} (kT_\parallel) {3/2}} A {-2}\left[-3 + (A+2)

{{\tan} {~-1} (A~{1/2}) Nover A"{1/2}F\right] .$%
If $A < 0%, $\tan " {~1}(A"{1/2})/A"{1/2}8% 1s replaced by $\tanh {~-1}

(-8)"{1/2}/(-2)"{1/2}%. o
For $T_\perp \approx T_\parallel \equiv T$, .
ithegalign{inu_T e &= 2.2\times 10" {-Tin\lambda T {-3/2}\,{\rm sec} {-1}; “er
“roalign{\smallskip?}
vnu T 1 &= 1.9%%imes 10°4-2¥n Tamhdn 7700N\ru{-172) T{-3/723\,{\rm sec} {-1}.

Ner PRl
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In general, the energy transfer rate v/ is positive for € > €,* and nega-
tive for € < €,*. where o* = (m3/mg)eq*/T5 is the solution of ¥/ (z2*) =
(1 /m3)(z*). The ratio €, */T 3 is given for a number of specific a. 3 in the
following table:

/@ | ife efe.ifi ¢/p /D e/T. e/He*  e/Hc?

*

[ 'i-"r'l o

6()

= 1.5 0.98 48 x107% 26x10"% 1.8x10"% 1.4x1073
3

When both species are near Maxwellian., with T; < T.. there are just
two chiaracteristic collision rates. For Z = 1.

.‘\ AL A A A

Ve 2.9 x 10_071,)\T( —3/2
vi = 4.8 x 10" 8nAT; 73/2,

»
.

Y

)

>
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N
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Temperature Isotropization

Isotropization is described by

dT, 1 Ty

= = —vX (T, —Ty).
dt 2 dt vr(Ty ”)

R N T e e i

whereo if A =Ty /Ty — 1> 0.

N 2 W(’,\Qrf,gzn,,,)\,\,a _a 3+(A+3)tan—1(Al/2)
Vo = —
T L, 1/2(1.'.T“ )3/2 A1/2

I A < 0. t‘;m_l(Al/g)/Al/g is replaced by t,;ulh_l(~A)1/2/(—f’1)1/3.
Ty ~T)=T.

892 x 10™ " nAT ™ 3/2 gee™ L,

1.9 % l()~811A22;1_1/27‘_3/2 see”
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\smallskip {\headfont Thermal Equilibration} \smallskip\indent
If the components of a plasma have different temperatures, but no relative
drift, equilibration s described by
$2{dT_\alpha \over dt} = \sum_\beta \bar \nu_\epsilon \AOE(T_\beta -
T_\alpha),$$
where
$$\bar \nu_\epsilon”\AOB=1.8\times 10°{~19}{(m_\alpha m_\beta) {1/2}{Z_‘alphal) "2
{Z_\beta}"2n_\beta\lambda_{\alpha\beta}\over(m_\alpha T_\beta +
m_\beta T_\alpha) {3/2}}\,{\rm sec} {-1}.8%
For electrons and ions with $T_e \approx T_i \equiv T$, this implies
$$\bar \nu_\epsilon~{e/i}/n_i=\bar \nu_\epsilon~{i/e}/n_e=3.2\times 10°{-9>
Z"2\lambda/\mu T~ {3/2} {\rm cm}~3\,{\rm sec} " {-1}.3%%
\smallskip {\headfont Coulomb Logarithm}
\smallskip\indent
For test particles of mass $m_\alpha$ and charge $e_\alpha=Z_\alpha e$
scattering off field particles of mass $m_\beta$ and charge $e_\beta = Z_\beta
€$, the Coulomb logarithm is defined as $\lambda = \ln\Lambda \equiv \ln(r_{ rm
max} /r_{\rm min})$. Here $r_{\rm min}$ is the larger of %e_\alpha
e_\beta/m_{\alpha\beta} \bar u"2$ and $\hbar/2 m_{\alpha\betal}\bar u$,
averaged over both particle velocity distributions, where
tm_{\alpha\beta}=m_\alpha m_\beta/(m_\alpha + m_\betal)$ and ${\bf u} = { bf
v}_\alpha - {\bf v}_\beta$; $\,r_{\rm max} = (4 \pi \sum n_\gamma {e_‘gamral 2
/&T_\gamma) "{-1/2}$, where the summation extends over all species $\gamma$ f-r
which $\bar u"2 < {v_{T\gamma}}"2 = kT_\gamma/m_\gamma$. If this inequalaty
cannot be satisfied, or if either $\bar u {\omega_{c\alpha}} " {-1}<r_{\rm mzx}2
or $\bar u{\omega_{c\beta}} " {-1}<r_{\rm max}$, the theory breaks down.
Typically $\lambda \approx$ 10--20. Corrections to the transport coefficients

LA AR

l.' !; Y 4, L)

L
g

are $0(\lambda“{-1})$,; hence the theory is good only to $\sim 10\%$ and fails
when $\lambda \sim 1$.
‘indent

The following cases are of particular interest:

Lemellskip

{2) Thermal electron--electron collisions

$E\vbox{\halign{\hfil# &#\hfil\qquad &#\hfil\cr

$.displaystyle \lambda_{ee}$&$\displaystyle = 23-\1In{{n_e} " {1/2}{T_e}"{-2/2})%,

virdisplaystyle T_e \approxlt 10\,{\rm eV}$; \cr

snealsgn{\smallskip}

£3\displaystyle = 24 - \1ln({n_e} "{1/2}{T_e} {-11)8,

ti.displaystyle T_e \approxgt 10\,{\rm eV}$. \cr}}$s

() Electron--1on collisions

$ivvbox{‘halign{\hf1l# &#\hfi1l\quad %#\hfill\cr

$ displaystyle \lambda_{e1} = \lambda_{ie}$ &$\displaystyle = 23-\1n\left(in_=>

“{1/2}32T e {-3/2 N\ right)$,23\d1splaystyle T_im_e/m_1<T_e<10Z72\,{\rm eV}$; cv

‘nzalign{\smallskip}

t dizplaystyle \ph{ilambda_{e1} = \lambda_{1e}}$ 2% displaystyle = 24

left({n_e} "{1/2} T_e {-1} \right)$, &3 \displaystyle T_1i m_e/m_1 i1C

«U} < T_e$ \cr ‘nealign{\smallskip}

¥ lisplaystyle \phidlambda_{e1} = \lambda_{1e}}$ &3\displaystyle = 30
v leftC dn_ {2 {To1y {-3/2 272 Zmut{-1} “right)$,

“l Qisplaystyle T_e < T_1 Zm_e/m_1%. Ncr}ids

cfillejectiend
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Thermal Equilibration

If the components of a plasma have different temperatures. but no rela-
tive drift. equilibration is described by

(ITQ (.‘/ 3
= I_/(' ' (Tg - T,\).
dt Z

3
where
N 1/2,, 25 2
/3 —19 (Mam3) Zo~Z3°n3A, 3 1
1/:/ =1.8 x 10 = 2 sec
(maTs3 + m3T,)3/2
For electrons and ions with T, &~ T; = T. this implies

D:/i/""i = 17:/(‘/‘"'6 =3.2x 10_922/\//1,7"3/2(:1113 sec”

Coulomb Logarithm

For test particles of mass m, and charge e, = Z, ¢ scattering off field
particles of mass m 3 and charge e3 = Zze. the Coulomb logarithm is defined
as A = InA = In(rmax/Tmin). Here 7Tmin is the larger of eqe3/m, 57 and
I./2m, 3u. averaged over both particle velocity distributions. where m, 4 =
mamgf(ma+msz)and u=v, —v3: "max = (47 Z . e.,,Q/I.:T., )_1/2. wlhere
the summation extends over all species v for which a2 < 1’T~,2 = kT, /771,7. If
this inequality cannot be satisfied. or if cither fiwea =1 < Pinax OF Gwey <
Finax- thie theory breaks down. Typically A &= 10-20. Corrections to the trans-
port coefficients are O(A~1): hence the theory is good only to ~ 10% and fails
when A~ 1.

The following cases are of particular interest:

(iv) Thermal electron -electron collisions

A =23 —lu(n, 2T, 737, T, < 10eV:
:2-’1—111(1:,1/3']1,’1). T, 2 10eV.
(h) Electron 1on collisions
A=A, =23 -1 (n, I/QZT‘"B/S). T, /m, <T, < 10727 e\
=24 — 1 (u ETT), Ty, fun, < 0230\ < T

=30 =l (w,VETTYEZT T < T 2,

34

L0 A abe B S a o Rl SN JBE aPh A B A R P

s

SRT SRR, FANERRN

.
x_

o
..
-
t A
-
,1




.-',‘-'_.‘. = . S .

\input prolog

\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9 .0truein

\pageno=35

(¢) Mixed ion--ion collisions

¢$\lambda_{11’} = \lambda_{1’i} = 23 - \1n \left{ {ZZ'(\mu + “\mu’) \over “mu
T_{1’} + \mu’ T_1} \left( {n_i Z-2 \over T_i} + {n_{i’} {2°'}"2 \over
T_{i’}} \right)~{1/2} \right].$$

(d) Counterstreaming ions (relative velocity $v_D = \beta_D ¢$) in the presence

of warm electrons, $kT_i1/m_1, KT_{i’}/m_{1°} < {v_D} 2 < kT_e/m_e $

$$\lambda_{1i1’} = \lambda_{i’i} = 35 - \1ln\left{ {ZZ’(\mu + \mu’) \over
“mulmu’{\beta_D}"2} \left({n_e \over T_e} \right) {1/2} \right}.$$

vsmallskip

{“nheadfont Fokker-Planck Equation}

“nmallskip

$i{2f Nalphalover Dt}\equiv{'partial f \alphalover\partial t}+{\bf
vFlcdotinabla £ \alpha + {"bf F}\cdotinabla_{\bf v}f “alpha
= \left{{\partial f \alphalover\partial t}\right)_{\rm coll}, K ¢%

cre {Vbf F} 1s an external force field. The general form of the call:s:-n
integral is $(Npartial £ \alpha/‘partial t)_{\rm
7221} = -“zum_\betalnabla_{\bf vI\cdot{\bf J} "VACBS, with
Frregalagn{{ bf J}"NACE = 2\pi\lambda_{%alphal\beta}{{e_\alpha} 2{e_“beta>"T7 .
m_NalphalX\int &£d°3N\ v/ (u"2\hbox{\tf I} - {\bf uu})u {-3} \cr &\cdet \lefo 71 ver

m_“betarf Malpha({\bf v}I)\nabla_{\bf v’}f \beta({\bf v’})-{1\over

=_valphalf \beta({\bf v’'})\nabla_{\bf v}f \alpha({\bf v})\raight\} ‘cr}ég

(Landau form) where ${\bf u = v’-v}$ and \hbox{\tf I} 1s the unit dyad, cr

alternatively,

$2{\bf J}"NAOB = 4\pi\lambda_{\alpha\beta}{{e_\alpha} 2{e_\beta} 2\over
{m_\alpha} 2M\left\{f "\alpha({\bf v})\nabla_{\bf vIH({\bf v})-
{1\over2}\nabla_{\bf v}\cdot\left[ f \alpha({\bf v})
\nabla_{\bf v}\nabla_{\bf v}G({\bf v})\right] \right\},$$

where the Rosenbluth potentials are

$3G({\bf v})="1nt £ ‘beta({\bf v’ Pud"3\'v’$$

$SH({\bf v})=\left(:+ <{m_\alphalover m_\beta} \right)\int f \beta({\bf v’}
w{-1¥d"3\'v’ . $%

viillerect'end
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(¢) Mixed ion—-ion collisions

zZz' ! niZ? na 22\ 1?2
/\iil :Aili:23—1n (FL+/L) + i
pwTr + Ty T T,
(d) Counterstreaming ions (relative velocity vp = fBpe) in the presence of

o
warm clectrons. kT /m; kT fmy < vp™ < kT [m.

zz' ! n, \ 1/2
Aj;r =X, =35 —1n (IL+/L)(”_\

/L/L'/JD2

Fokker-Planck Equation

D x 0 (8] 0 (8]
I _ Y +v-Vf"+F-va":(—f—> :
call

Dt ot Jt

where F is an external force field. The general form of the collision integrad is

(01" /0t)een = — Z ) V- J°/7 . with

o
€037
0 .
/ 4 _ 123 4

J =27A, 33—
.,

-3

a )
dv Cu = uuju

L , | | ‘
{ f (V)vafi(v ) — ——f (v IV f (v b
Mg J

o,

Landan form) where u = v/ — v and [is the unit dyad. or altornaively,

A "'-\2"-5-.2 ( 0y ! - ~1
J = dmA g —— if (v)'\*vluv)-—;\“v-[f‘fv)vv‘?vt/'vnj--
- 2 J

wliere the Rosenbluth poteutiads are

G(v) = f"(v/)u:/v‘}l'/
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If species $\alpha$ 1s a weak beam (number and energy density small comrparsd
with background) streaming through a Maxwellian plasma,

$${\bf J}"\AOB = -\nu_s"\AOB{\bf v}f-\alpha -

{1\over2} \nu_\perp~\AOB v 2\nabla_{\bf v}f \alpha +
{1\over2}(\nu_\perp NAOB - \nu_\parallel “A2B;{ bf

{\bf v}f-\alpha.$$
\smallskip
{\headfont B-G-¥ Col
\emallskip\indent

o

For distribution functicns with n-
Fokrer-Planck collisien terms can be ap
$2{Df_e\over Dt} = ‘nu_{ee}{:

$${Df_i\over Dt} = \nu_{1e}!
The respective slowing-dcwn
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[t species o 1s & weak beam (number and energy density small compared with
background) streaming through a Maxwellian plasma. then

1 1
AR a/ A “ a/ 1 92 0 a /.4 /.3 “
J = —1/_\/ vf' - :)—VJ_/ =V f +§('/_1_/ —1/”/ yjvv - Vo f.

3-G-K Collision Operator

For distribution functions with no large gradients in veloceity spaced the
Fokker Planck colliston terms can be approximated according to

Df,
I8x;

= I’,,(i‘: '—fr)+’/rl(1:‘r ’—fl ):
1 f : : .
- bl = o+ F = f)

i

o b Do dates Y wiven o the Relaxadiion Kate section
oo rsed tor o0 sesstnine, Sslow rons and fast electrons, with ¢ re-
ol ko e and e 0 e can equadly well use v o and the result
v toowhether thie Show s or fast-test-particle Tt as employed.) The
o = B and F D e maven by
o - mo v — v, )°
! : ( ) exXp g - -
LI A A 20T,
L
” A -~ _ &
o - o (v — v, )°
/ 1 X - Sy
\,'")'./,, ._)/.‘1,,

vioooaned Tooane thie ambor densitys mean deaft velocitys and effective

e obtaaned by tabine toinents of f0 Some latitade in the definition

o A 1.«.“11-1«‘-’” e lllllit"' i\ I = 1, 'I', = 1 . \_/, = V,. vV, TV, .
lransport Coeflicients
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$${3\over 2¥n_\alpha {d"\alpha kT_\alpha \over dt} + p_\alpha \nabla
\cdot \,{\bf v}_\alpha = -\nabla \cdot \,{\bf gq}_\alpha - \hbox{\tf
P}_\alpha:\nabla {\bf v}_\alpha + Q_\alpha.$$
Here $d~"\alpha/dt \equiv \partial/\partial t + {\bf v}_\alphalcdot\nablag;
$\> p_\alpha=n_\alpha kT_\alpha$, where $k$ is Boltzmann’s constant; ${\bf
R}_\alpha = \sum_\beta{\bf R}_{\alpha\beta}$ and $Q_\alpha = \sum_\beta
Q_{\alpha\beta}$, where ${\bf R}_{\alpha\beta}$ and $Q_{\alpha\betal}$ are
respectively the momentum and energy gained by the $\alpha{\rm th}$ species
through collisions with the $\beta{\rm th}$;$\,\hbox{\tf P}_\alpha$ is the
stress tensor; and ${\bf q}_\alpha$ is the heat flow.
\indent
The transport coefficients in a simple two-component plasma (electrons and
singly charged ions) are tabulated below. Here $\parallel$ and $\perp$ refer
to the direction of the magnetic field ${\bf B} = {\bf b}B$; $\>{\bf u} = {\bf
vi_e - {\bf v}_i$ is the relative streaming velocity; 3$n_e = n_i \equiv n$;
$\> {\bf j} = - ne{\bf u}$ is the current; $\omega_{ce} = 1.76 \times 1077
B\,$sec$ " {-1}$ and $\omega_{<1}=(m_e/m_i)\omega_{ce}$ are the electron and ion
gyrofrequencies, respectively; and the basic collisional times are taken tc be
$$\tau_e={3\sqrt{m_e} (kT_e) " {3/2} \over 4\sqrt{2\pi}\,n\lambda e"4}=3.44 \times
1075 {{T_e} {3/2} \over n\lambda}\,{\rm sec},$$
where $\lambda$ is the Coulomb logarithm, and
$E\tau_i={3\sqrt{m_1}(kT_1)"{3/2} \over 4\sqrt{\pi}n\,\lambda e”4}=2.09 \times
10°7 {{T_1}"{3/2} \over n‘\lambda}\mu~{1/2}\,{\rm sec}.$%
In the limit of large fields $(\omega_{c\alphal\tau_\alpha \gg 1, \>\alpha = 1,
e)$ the transport processes may be summarized as follows:$7{21}$
“smallskip “def\quid{\hskipO.75em\relax}
Vhalign{\quad#\hfil\quad &3\displaystyle #$\hfil &$\displaystyle #3$\hfil ‘cr
mementum transfer #\R_{ei} %= -\R_{ie} \equiv \R = \R_{\bf u} + \R_T; \cr
\noalign{\smallskip}
fraictional force £\F_{ bf u} &= ne({\Lf j}_\parallel/\sigma_\parallel +
{\bf j}_‘perp/\sigma_‘perp); \cr \noalign{\smallskip}
electrical &'sigma_‘porallel &= 2.0\sigma_\perp = 2.0{ne 2\tau_e \over m_e}; " rr
"hs{Ept} conductivities \cr \noalign{\smallskip}
thermal force £VR_T &= -0.7in\nabla_\parallel (kT_e) - {3n \over 2
‘omega_{cel\tau_e}{\bf b}\times\nabla_\perp (kT_e); \cr \noalign{\smallskip}
17 leating &G_1 &={3m_e\over m_i}{nk\over \tau_e}(T_e-T_i); \cr
“noalign{\smallskip}
electron heating &Q_e &= -Q_1 R\cdot{\bf u}; \cr \noalign{\smallskip}
:on heat flux 2{\bf q}_1 &=-\kappa_‘parallel 1’nabla_\parallel (kT_1)
~ “kappa_‘perp itnabla_tperp (kT_1) + \kappa_\wedge 1{\bf b}\times

a
e

vabla sperp (kT_1); “er “noalign{ smallskip}

zon thermal &> kappa_dparallel 1 &= 2.9{nkT_1%tou_1 “over m_1t; “qguid
“kappa_“perp 1 = {2nkT_1 “nver m_1\omega_{c1} {'ph{1}2} Ntau_1}, ‘quid
“kappa_\wedge 1 = {EnkT_1 ‘over 2m_1%amega_{c1}}; \er
“haf{€pt} conductivities “cr ‘noalign{dsmallskip}

electran heat flux 24 bf gr_e &={ bf q}_{ bf ur e + {\bf g} T a; “rr
"nealign{icmallskap}

fricticnal heat flux Z{O\Lf qF_{bf ut e £= 0. 7inkT_»{"bf at*_‘parallsl +
{2nvT_eNcver 2 amegn {celitau_ed}{\bf bItimes{ bf u}_‘perp; “er}

Vviilhejaecthend
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Here d° /dt = /0t + va - Vi pa = na kT, where k is Boltzmann's constat:
R., = Ed R,; and Q, = Z.s Qo 3. where R, 3 and Q. 3 are respectively
the momentum and energy gained by the ath species through collisions with
the 3th: P, is the stress tensor; and q. is the heat flow.

The transport coefficients in a simple two-compounent plasma (electrons
and singly charged ions) are tabulated below. Here || and L refer to the di-

3 d* kT,
2

rection of the magnetic field B = bB: u = v. — v; is the rclative streaming

velocity: ng, = n; = n: j = —neu is the current: we., = 1.76 x 10° Bsec™ ! and
woo = (mfmi)wee are the electron and ion gyrofrequencies. respectively: and
the basie collisional tinmes are taken to be

3 /-4—,( ]-'-T( 3/2 } T( 3/2
T, = e ) =341 x 107 —— s

4\/‘2—71" nAe? 1A

where Ais the Coulomb logarithm, and

o (132 22
= SV T Ty 0 « 107—T—’—/L1/2

" 4 ﬁn At A

L the Tt of Targe ficlds (w7, > 1. o« = 1. ¢) the transport processes may
. . 21

be sumncarized as follows:

l.omentum traunsfer =R, = R=R, 4+ Rt:

frictional foree - nz'(jH/(T” +iL/oL):

2
. nesT,

clectrieal =200, =2.0——m:

conductivities 1,

3n

2we, T,

thermal force : =071 N (RT, ) ~

' ) Smgonk N
ton heating . — — (T, = T,):
n, T,

clectron heating = —-Q;, - R-u:
1on heat Hux = —/-'|'|V”(/.'T,' )y — ,.-’LVL(I.-T,) + r.",\b x V(L)

. . nh'l, T ; 20 kT, SulT,
ton thermal 3.0 —-: Ko TR 5
(»(,“(}u('t‘l\’)“(‘?" ey Ill,w‘_i T R N ¥ R VL

clectron heat flux (l'u + q"l‘:

L 3kt
frictional heat flux O.710hkT, )+ T——b X g
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\def\quid{\hskip0.75em\relax?}

\halign{\quad#\hfil\quad &$\displaystyle #$\hfil &$\displaystyle #$\hf1l "¢
\noalign{\ssk}

thermal gradient & \bf q}_T e &=-\kappa_\parallel e\nabla_\parallel

KA

~

b}
» - - . N
R (kT_e) - \kappa_\perp~e\nabla_\perp (kT_e) - \kappa_\wedre e{'bf b} times
i: \nabla_\perp (kT_e); \cr
- \bs{1.5pt} heat flux \cr \noalign{\ssk}
- 1. - \, N
o electron thermal &\kappa_\parallel”e &=3.2{rnkT_e'tau_e ‘over m_e}; qu:
\kappa_\perp~e = 4.7{nkT_e ‘\over m_elomega_{ce} " { ph{1}2} rau_e> "¢
AN \kappa_\wedge“e = {5nkT_e ‘\over 2m_e\cmega_{cel}}; “cr
4. \bs{6pt} conductivities \cr ‘noalign{‘ssk}
-, stress tensor (both &P_{xx} &= -{\eta_0 \cver 2} V-4 eta .
R . et
e (o _{xxd-W_{yy})-Neta_3v_{xy¥, " -r “bs{a tpt}
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7. the cleetrons obey the hich-tield exprossions oo

apphieable when o)y macroscopie thne rates of chanee satistv /000

where 7oas the Tongest collistonal tine seales and Gin the absence of oo nen

heldy 02y maceraoscopic length seales Losatisty Lo [ wheve = o7 ds the mmean
Brec path. T strong field. w7 2 1 condition (2) 1w l‘('])lm‘«-(l by /‘h T
L. = e, (L > r, in o antform tield).
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where Ly is a macroscopic scale parallel to the field B and L, is the smaller of

B/ | VB | and the transverse plasma dimension. In addition. the standard
trausport coefficients are valid only when (3) the Coulomb logarithm satisfies
A > 1 (4) the electron gyroradius satisfies ro > Ap., or 8an, m, 2> B%:(5)
relative drifts u = v,, — v3 between two species are small compared with the
thermal velocitios, ie.. ©? <€ kT, [tia. kT 3/m ;: and (6) anomalous transpori
processes owing to microinstabilities are negligible.

Weakly Ionized Plasmas

Collision frequency for scattering of charged particles of species o by
nentrals s

0 N 1/2
T— n.»,rr_':/ (KT [m,) /2.

o /()

wolhieve g is the nentral density and o is the cross section. typieally ~
o107 P e and weakly dependent on temperature.
When the system is small compared with i Debye lengthe L < Ap. the

oaced particle dittusion coetlicients are
D, =k, /v, .
[vorhe opposite ot both species ditfuse at the ambipolar rate

g o), — g, 1), o+ T D, D,

])_\ iz —_— =

o~ . 7,0, + 1, D,

coov g o e, s the obility, The condnetivity o, satisties 7, -

I the presence of oo macnetic ficld B the sealars goand @ hecome tensors,

J'=e¢" -E = :T|’I‘ [_.::: + ”lEL + HXE x b.

wire bh = B/ and

(A} ':
oY= M JRTI T

“ 0 2y 2 2
lT_L - rrH 7, /(,/” + W );

3% O 2 2
(r/\ = (T“ Ul\‘-‘-’:‘u/(uu + UJ,.“)-

Heve o) and o4 are the Pedersen and Hall condnctivities. respectively.
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) \hoffset=1.125truein
N \voffset=0.75truein -

\hsize=6.25truein )
\vsize=9.Ctruein (

N \pageno=40
N \centerline{\headfont APPROXIMATE MAGUITUDES} p
': \vskiplpt
- \centerline{\headfont IN SOME TYFICAL PLASMAS}

N \bsk Y% BEGINNING OF TABLE.

$$\vbox{\offinterlineskip \def\trule{\noalign{\hrulel}}
3 \tabskip=Opt \halign to \hsize{
-~ \vrule# \tabskip=3pt minus2pt&\strut #\hfil &\vrule #&\hf11$#$\hf1l .
: &\vrule #&\hfil$#$\hf1l &\vrule #£\hf11$#$\hf11l -

Py £ \vrule #&\nf11$#$\hfil & vrule #%\hf11$23\hfil
N &\vrule #&2\hf11¢#$'\hfil & vrule #\tabskip=Optl\critrule

“roke{7} {4pt}

. £ hf11 Plasma Typeinh\ {\rm cm} {-2H T\ {\rm eV}|\omega_{pe}\ {\rm sec} {-1} :
\f i+lambda D\ {\rm catin{ lambda_ D} 3 v_Yei}\ {\rm sec} {-1}%\cr .
- stskc{73{4pt} Vtrule “tskeo{73{i1pt¥y Strule \tskc{7}{4pt} )
t Zlnterstellar gas |1 |1 18 \t1imes10 {4 \ph{C}} NomE7\times10"{2}$\hf1l

$htimes1C {€}17\times107{-C> r “tske{7Y{3pt}

\ 53reous nebula l127a3 11 12 6.phi2}} 120 11077 | X
< Lo {-0%k ver ve{? > .
i L0 lar Corona 11076 11072 & tirer 7 {7 ph{0}) |7 [4\t1imes107{8} | K

,3 £y apes 1070-0) o CtemedTH e .
- C:ifruse hot placma Zi“ {12 P I tame st 7410 17 tames 107 {-3Y
dotimestd T {Lr 140 & cr Ctaked T e

7 lar atmacphere LTy i e eareai {0ty 1 7veamen 1 07{-8) 140 | h
- 2itames157 {9 ph{ ©ooy
. 5k tske{7}{3pt} ¥y
. 1} I2\times107{-4} 110°3 110" 7&\cr d
i “{11Y I 7TNtimes10°{-4}

cr trokad7{3pt}

- LI 2 cament T {-2) 11077
“:' [ 1‘\2} :
< “Li2F 1T times107{-5}

y rootoke{TH{2pr}

N Lt PO imes 00 {12y [ Thtimesi 0T {6} |
; Vtimen 10 { } l?\t]rerl@”{lf pheL bl Rher Meoked7H{2pt}
. ¥iacer Plasma [107{20F "15°7 16 tmec10° {14 17 times10°{-7} 40 |
X Chramest T {12%phy Y 2 or NtnrcdTr{dpeiitrule} g :
: hew o % END OF TABLE.
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APPROXIMATE MAGNITUDES
IN SOME TYPICAL PLASMAS

Plasma Type noem ST eV W see™ | Ap cm nApS e, .\'c(:"i;
Interstellar gas 1 1 Gx 107 [T x10° 4 x 1077 x ]()-7’:]
Gascons nebula 10* 1 2x10° 20 107 16 x 1077
Solar Corona 10° | 107 | 6 x 107 7 1% 1086 x 102
Diffuse hot plasma | 107 | 107 | 6 x 10'” |7 x 107 |4 x 107 10 }
Solar atmosphere. 104 1 6 x 10 17 % 107° 40 2% 1n? ‘

was discharge j
Wiarm plasma 1ot 10 | 6x 10 |2 x 1074 103 107
Hot plasma 101 1107 16 x 10M! [T x 10744 x 10% 4 x 10° \
Thermonucelear 101° 10% | 2 x 107 [2 x 1073 107 |5 x 10? }

plasima ;

CTheta pinch 101 1102 {6 x 1077 {7 x 10771 x 1073 x 107 w

| Dense hot plasia 10T 1107 | 6 x 10M 17 x 10700 x 1072 x 10 ‘

, Laser Plasia | 10=" 10° | 6 x 10M |7 x 1077 10 2% 10" ]
1

The diagrian (facing) cives comparable infornmation in o
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IONOSPHERIC PARAMETERS?

The following tables give average nighttime values. Where two unnn-
bers are entered. the first refers to the lower and the seccond to the upper
portion of the layer.

Quantity E Region F Region

Altitnde (km) 90- 160 160 500
Number density (m™?) 1.5 x 10*°-3.0 x 10*" 5 x 101 2 x 10t
Helght-integrated munber 9 x 10 4.5 x 10
density (m™32)
Ton-neutral collision 2 x 10%-10°
frequency (see™ 1)
[on wvro-/collision 0.09-2.0 4.6 x 107 5.0 x 107
froquency ratio s
[on Pederson factor 0.00-0.5 22x107° 2 x 107"
i1+ R
Ton Hall factor 8§ x 107% 0.8 1.0
KL 4 )
Eleetron-nentral collision 1.5 x 10* 9.0 x 107 Q0 10
freqauency

’ B PN o) - i
Electron gyro-/eollision 1.1 x 107 6.9 x 10” 7.8 x 107 6.2 x 107
frequricney ratio w,

| Electron Pedersen factor (2.7 x 1072 1.5 x 10~ 1077 1.5 x 10™°
’ //(J + 3)
Floctron Hall factor 1.0
TR0 EESTES
Mean moleenlar weicht 28 206

lon evrofrequency (see™h) 180 -190

i

%N"HH'H] diffusion 30 5 x 10°
-1
)

. - hid
j cocflicient (1n~ see

The terrestrial magnetic field in the lower jonosphere at cquatorial
Iattitndes is approximately By = 0.30 x 1077 tesla. The carth's radins is
Ry = 6371 k.
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\input prolog \pageno=43
\hoffset=1.0truein\voffset=1.0truein\hsize=6.5truein\vsize=9.0truein
\centerline{{\headfont SOLAR PHYSICS PARAMETERS}$"{24}$} \msk
\vbox{\offinterlineskip \tabskip=Opt \halign to\hsize{
\vrule#\tabskip=3pt minus2pt&\strut#\hfil&\vrule#&\hfil$#$\hfil&\vrule#
&$#$\hfil& \vrule#&\hfil#\hfilg\vrule#\tabskip=Opt\cr\trule \tskc{4}{2pt}
&\hfil Parameter|\hbox{Symbol}|\hfil\hbox{Valuel}{Units&\cr
\tskc{4}{2pt} \trule \tskc{4}{1pt} \trule \tskc{4}{2pt}
&Total mass|M_\odot|1.99\times107{33}|g&\cr \tskc{4}{1.25pt}
&Radius|R_\odot!6.96\times10 {10} cm&\cr \tskc{4}{1.25pt}
&Surface gravitylg_\odot|2.74\times10 4|/cm\ts s$ " {-2}$&\cr \tskc{4}{1.25pt}
&Escape speed!v_\infty{6.18\times10 7 lcm\ts s$ {-1}$&\cr \tskc{4}{1.25pt}
gUpward mass flux in spicules|\hbox{---}11.6\times10 " {-9}(g\ts cm$ " {-2}%
\ts s$ {-1}$&\cr \tskc{4}{1.25pt}
&Vertically integrated atmospheric density!\hbox{---}\om\hf114.28\h{fill
g\ts cm$ {-2}$&\cr \tskc{4}{1.25pt}
&Sunspot magnetic field strengthlB_{\rm max}!\om\hf112500 \hbox{--}3500 hfill
G&\cr \tskc{4}{1.25pt}
&Surface temperaturelT_0|\om\hfil6420\hfil|K&\cr \tskc{4}{1.25pt}
&Radiant power!\cal L_\odot!3.90\times10"{33}lerg\ts s$ {-1}$&\cr \tskc{4}{t. .25pt}
&Radiant flux densityl\cal F16.41\times10 {10} /erg\ts cm$ " {-2}$s$"{-1}¢&\cr
\tskc{4}{1.25pt}
&0ptical depth at 500\ts nm, measured!{\tau_{500}{\om\hfi10.99\hfill \hbox{---3}&"cr
\hskip lem from photospherelll&\cr \tskc{4}{1.25pt}
ZAstronomical unit (radius of earth’s orbit)|\rm AU|1.50\times10°{13}[cmi\cr
\tskc{4}{1.25pt}
&Solar constant (intensity at i\ts AU)If|1.39\times1076]|
erg\ts cm$"{-2}$\ts s$"{-1}$&\cr \tskc{4}{2pt}\trule}} \msk
{\headfont Chromosphere and Corona}$ {25}% \ssk
\vbex{\offinterlineskip\tabskip=Opt\halign to\hsize{
\vrule#\tabskip=3pt minus2pt&\strut#\hfil&\vrule#&\hfi1$#$\hfi1l&\vrulet
&\hfil$#$\hfil&\vrule#&\hfil$#$\hfile\vrule#\tabskip=0pticr\trule \tskc{4}{2pt}
&\om|\hbox{Quiet}!\hkbox{Coronall}!|\hbox{Active}&\cr \bs{4pt}
Z\hfil Parameter (Units)!\em|\om|\om&\cr \bs{4pt}
#\om|\hbox{Sun}|\hbox{Hole}|\hbox{Region}&\cr
\tskc{4}{2pt} \trule “tskc{4}{1pt} \trule \tskc{4}{2pt}
#Chromospheric radiation losses|||&\cr
Z\hskip lem (ergh\ts cm$ {-2}$\ts s {-13$) || l&\cr \tskc{4}{1pt}
&\hskip 2em Low chromosphere|2\times10°6[2\times10°6|\approxgt10-7&\cr \tskc{4}F{tpr}
&\hskip 2em Middle chromospherel2\times10°6(2\times1076/10"7&\cr \tskc{4}{1p1*
&\hskip 2em Upper chromosphere!3\times10°5(3\times1075]12\times10"6&\cr \tskc{4>{ inpL}
g\hskip Zem Totall4\times10°614\timesiC 6|\approxgt2\times10-7&\cr Veska{d}{ 1 Iy ™
ZTransition layer pressure (dyne\ts cm$ " {-2}$)10.2/0.0712%\cr \tskc{4}{1.5pt}
ZCcronal temperature (K) at 1.1\ts R$_\odot$!|1.1\hbox{--}1.6\timesi10"6[10 6]
2.8\times10°6%\cr \tskc{4}{1.5pt}
%Coronal energy losses (erg\ts cm$ {-2}8\ts s$"{-1}$) 11 [&\cr \tskc{4}{1pt}
#Z\hok1p 2em Conduction|2\times10°5!6\times107411075\hbox{--}10"7&\cr \tarc{dt{ipt}
& hskip 2em Radiation|107511074)15\times10"6&\cr \tskc{4}{1ipt}
#Vhskip 2em Solar Wind|\approxlt 5\times10°4|7\times10°5[<10 " 5&\cr \tske{d} {1pt}
2 \hekip 2em Totall3\times10°5|8\times10°5]10"7&\er \tske{4}{1.5pt}
%Solar wind mass loss (g\ts cm$ {~2}$\ts s$°{-1}%) \approxlt2\times10-{-11}|
Ttimes107{-10} <4\t1imes10 {-11}&\cr \tskc{4}{2ptI\trulel}}
“wiilllejectiend
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SOLAR PHYSICS PARAMETERS?!

Parameter Symbol Value Units

Total mass M: [1.99 x 10°° g
Radius R- 6.96 x 10*° cim
Surface gravity 9. |2.74 X 10* cimsT?
Escape speed Voo [6.18 x 107 cms~!
Upward mass flux in spicules — 1.6 x107° | gem™2 571
Vertically integrated atmospheric density 4.28 gem™?
Sunspot magnetic field strength Biiax | 2500--3500 G
Surface temperature 6420 K

Radiant power L 13.90 x 1033 ergsT!

Radiant flux density 6.41 x 10 |ergem ™7 7!

Optical depth at 500 num. mecasured 0.99
from photosphere

Astronomical unit (radius of earth’s orbit) 1.50 x 10*3 cn

Solar constant (intensity at 1 AU) 1.39 x 10° |ergem ™2 s7!

Chromosphere and Corona?®

Coronal Active

Parameter (Units) Hole Region

Chromospheric radiation losses
(ergem™2s71)
Low chromosphere 2 x 10° 2 x 10° 210"
Middle chromosphere 2 x 10° 2 x 10° 107
Upper chromosphere 3 x 10° 3 x 10°
Total 4 x 10° 4 x 10°
Transition layer pressure (dynecm™2) 0.2 0.07
Coronal temperature (K) at 1.1 R . 1.1 1.6 x 10° 10°
Coronal energy losses (ergem™2s7h)
Coudnction 2 x 107 6 x 10% 10° 107
Radiation 10° 10* 5 % 10°
Solar Wind <o x 10t | 7T x 107 < 107
Total 3 x 107 8 x 10° 10"
Solir wind mass loss (gem ™27 1) <ox10 M2 x 107 < 4 x 107!
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\input prolog
hoffset=1.25truein
\voffset=1.0truein
\hsize=6.0truein

\vsize=9.0truein

\pageno=44

\centerline{{\headfont THERHMONUCLEAR FUSIQU}$ {26}$}
\bigskip

latural abundance of isotopes:
\smallskip\nointerlineskip
$$\vbox{\halign{#\qquad&$#$\hfill\cr
hydrogen&n_D~{\vphantom{3}}/n_H {\vphantom{3}}=1.5\times10"{-4}\cr
helium&n_{\rm He"3}/n_{\rm He 4}=1.3\times10"{-6}\cr
“noalign{\vskipl.5pt}

lithiumgn_{\rm Li"6}/n_{\rm Li"7}=0.08\cr}}$$
“halign{#\qquad\qquad&$#$\hfil&$#$\hfil \cr

Mass ratios: &m_e/m_D £=2.72\times10"{-4} = 1/3670 \cr
(m_e/m_D)"{1/2} &=1.65\times10"{-2} = 1/60.6 \cr
gm_e/m_T &=1.82\times10"{-4} = 1/5496 \cr
g(m_e/m_T) {1/2} &=1.35\times10"{-2} = 1/74.1 \cr}

\medskip
Absorbed radiation dose is measured in rads: 1 rad
The curie (abbreviated Ci) 1s a measure of radiocactivity:
$3.7\times10 {10}3\ts counts\ts sec$ " {-11%.
\medskip
Fusion reactions (branching ratios are correct for energies near the cross
section peaks; a negative yield means the reaction is endothermic):$°{27}%
\smallskip{\def\yields#1{\lower4.5pt\hbox{$\overrightarrow{\ph{0}#1\ph{0}}$}}
% THE \yields MACRO IS USED TO DRAW THE ‘YIELDS’ SYMBOL ‘--->’ WITH
% A KUMBER UHNDER IT.
\halign{\indent#\quad&#\quad&#\hfile#\hfilg#\hfil\cr
£(12)&D + D2\y1elds{50%"}%T(1.01\ts MeV) + p(3.02\ts MeV)\cr
L{1b)& 2\y1elds{f>h"%>1He$ 38(0.82\ts MeV) + n(2.45\ts MeV)\cr
$02) D + Ta\yi1elds{ " pi{60\%}}&He$ 4%(3.5\ts MeV) + n(14.1\ts MeV)\cr
ZD + He3 3%&\yi1elds{\ph{50\%}}&He$ " 4$(3.6\ts MeV) + p(14.7\ts MNeV)\cr
7( ) &T + T &\yields{\ph{5C\%}}&He$ 4% + 2n + 11.3\ts MeVicr
L fo %He$73% + T&\yields{51\%}&He$ 4% + p + n + 12.1\ts HMeVi\cr

1 curie

(SRR #\yields{43\%}&He$ 48(4.8\ts MeV) + D(9.5\ts HeV)\cr
¥(5c)& &\y1elds{\ph{5}6\%}2&He$ 5$(2.4\ts MeV) + p(11.9\ts MeV)\cr
£(6) &p + Li$ 6%&\yields{\ph{50\%}}&He$"4$(1.7\ts MeV) + He$ " 3%(2.3\ts HeV)\cr
E(7ajkp + L1$°78& \y1elds{20\%}&2 He$ 4% + 17.3\ts MeVicr
2(7h)& Z\y1elds{80\%}&Be$ 7% + n $-% 1.6\ts MeV\cr
(5) %D + L1t 63x\vields{\ph{50\%}}&$2%Hed 4% + 22.4\ts MeVicr
Loy zp + B3 {11382\ y1elds{\ph{50\%}}Iu3 He$ 4% + B8.7\ts HeVicr
201030n + LB 6Tk \y1elds{ ph{a0\%I eHed 40(2 1\t Hat) + T(D Thts Iet) or i
'V‘zl‘i‘r(l}‘
se teral crons cettion an barns as oa functioen of TED, the envrer an ke
¢ the 1ncudent partici= lthe first 1an on the left cade of Fas. (1Y--
ccrmang the target on oot rest, can be fictted bhyET{23} 8
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THERMONUCLEAR FUSION?¢

Natural abundance of isotopes:

hydrogen np/ny = 1.5 X 107
helium Ngged /Myt = 1.3 x 107°
lithium nyp6/np ;7 = 0.08
Mass ratios: me/mp =272 x 107 = 1/3670
(me/mp)*/?=1.65 x 1072 = 1/60.6
me/mr =1.82 x 10~% = 1/5496
(me/m7)/?=1.35x10"2=1/74.1
Absorbed radiation dose is measured in rads: 1 rad = 107 ergg™". The
curie (abbreviated Ci) is a measure of radioactivity: 1 curic = 3.7 X

100 countssec™ 1.

Fusion reactions (branching ratios are correct for energies near the cross
. “ o . . . 27
section peaks; a negative yield means the reaction is endothiermic):*’

(la) D+ D WT(I.Ol MeV) + p(3.02MeV)
(¢]

(1b) WHC3(0'82 MeV) + n(2.45MeV)
(¢}

(2) D4+ T He* (3.5 MeV) + n(14.1 MeV)
(3) D+ He? He*(3.6 MeV) + p(14.7MeV)
(4) T+ T He* 4+ 2n + 11.3MeV

(5a) He® + T51—%>H04 +p+n+ 12.1MeV

(5h) m»ﬂc“*(z;.s MeV) + D(9.5 MeV)
(De) _GWHOO(QA MeV) + p(11.9MeV)
(6) p+ Li° He*(1.7MceV) + He(2.3 MceV)
(Ta) p + Li’ S0 2 I{o* + 17.3MeV

(7h) _8(—)—‘77-)[3(\‘ 4+ n — 1.6 MeV

(8) D + Li® ——2He* 4+ 22,4 MeV
(9) p+ B ——3 Het* + 8.7MeV
(10) n + Li° ——He? (2.1 MeV) + T(2.7MeV)

The total cross section in barns as a function of E. the energy in keV

of the incident particle [the first fon on the left side of Eqgs. (1) ().
. . . ptacs

assnming the target ion at rest, can be fitted hy™

" -1
A:,+[(A4—A3E)”+1] Ao
rrT(E) =

E [('XI)(AlE‘l/Q) — 1]
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\nointerlineskip

where the Duane coefficients $A_j$ for the principle fusicn reactilons are

as follows:

\ssk % BEGINNING OF FIRST TABLE.

$$\vbox{\offinterlineskip\tabskip=0Opt\halign to\hsize{\viulek tabskip=3pt plus

2pt minus2pt&\strut\hfil$#$\hfil&\vrulet&\hf11$#$\hf11& \vrule#& \hf118#$ \ht11l

Z\vrule#g\hfil$#$\hfil&\vrule#\hf11$#$ \hf1lk \vrulerx \hf11¢at hf1l

Z\vrule#&\hfil$#$\hfil&\vrule#\tabskip=Opticr \trule \tskc{7}{2pt}

1&{}$D--D${} | {3$D--DS{} | {}$D--T${} | {}8D--He® 3{{IST--TS{}I{}$T--Hed 24"\ cr

f&(1{\rm a}) [ (1{ \rm b})1(2)[(3)[(4)i\null$(5a~-c)$ nullk\cr

\tskc{7}{2pt} \trule \tskc{7}{1pt} \trule \tskc{7}{2pt}

&A_1]46.097147.88145.95189.27138.39)123.1&\cr \tskc{7}{1pt}

¥A_213721482]1502001259001448111250&\cr \tskc{7}{1ipt}

ZA_314.36\times10°{-4}13.08\times10"{-4}11.368\times10"{-2}
13.98\times10°{-3}11.02\t1mes10"{-3}[0&\cr \tskc{7}{1pt}

ZA_411.22011.17711.07611.29712.0910&\cr \tske{7}{tpt}

2A_51010140916471010&\cr \tskc{7}{2pt} \trule}}$$

\msk

Reaction rates $\overline{\sigma v}$ (in cm$"3\,$sec$ {-1}1$), averaged over
Maxwellian distributions:
\ssk % BEGINNING OF SECOND TABLE.
$$\vbox{\offinterlineskip\tabskip=Opt\halign to\hsize{\vrule#\tabskip=3pt plus2pt
minus2pt¥\strut\hfil$#8& \vrule#&\hfi1$#$\hfilg\vrule#g\hfil$s#$\hfil
&\vrule#&\hfi1$#3\hf11& \vrule#&\hf11$48\hfile\vrule#&\nfil$#$\hfil
£hvrule#\tabskip=Opt\cr \trule \tskc{6}{2pt}
¥{\rm Temperature}\hfil|{}$D--D${}1{}1$D--T${}[{}$D--Hes 3
P{3eT--TE{} 1 {}$T-~He$ "3&\cr
§00rm (keI N\ {0 (La+ 1) (21 (3) 1 () [ {¥$(Bba--c)${}&\er
Ltokel63{0pt)} Ntrule “tske{6}{1pt} \trule \tskc{6}{2pt}
L0k ax 11.5%t1imes16°{-22}15.5\times10"{-21} |10~ {-263
samen10°4-2231107{-28}%\er \tske{6}{tpt}
qun 15040 t1mes107{-21}12.6\times10"{-19}|1.4\times10"{-23}
O {-2131107{-25}8 cr \tske{6}{1pt}
el 8Vtimes10°{-19}11.2\t1mes10"{-17}16.7\times10"{-21}
ciment0T{-19312 1\times10”{-22}&\cr Vtske{6}{1pt}
genad 1. 200 imes10°{-18} 1. 1\ tames10°{-16}12.3\times10°{-19}
5107 {-19}11.2%t1imes10"{-20} &\cr \tskc{6}{1pt}
ciadls 2vtimes107{-18}314.2%times 107 {~16}13.8\times10"{-18}
forares10°4-18}12.6Nt1mes 107 {-19}&\cr \take{6}{1pt}
puatl 2.0 times107{-17318.7\times10"{~16}15.4\times10"{-17}
e ¢ {-18}15.3\times10" {-18}&\cr \tskc{6}{1pt}
Toaanadl4 . E\times107{~17}18.5\t1mes10"{-1A}|1.6\times10"{-16}
cimen10 {-17}12 . 7 \t1mes10"{-17} & \cr \tskc{6}{1pt}
ammad| 2.8 tames 1D {-17H16.3 \t1imes107{-16}|2.4\t1mes 10" {- 16}
Dotamen10 {17319 2 times 107 {-17} 2 \cr \takc{6}{1pt}
il LAY tmes 10T{-16312. 7 t1mes10°{-16}|2.3\times10"{-16}
cares10T{-1THIZ O tamen 107 {16 8 ver Neeke{63{1pt}
ind! 20 timen 1D {16107 pimen 10 {-16} 1.8\ times10 {-16}
AT TR S D raren T 0 ey M eake{6H{2ptI\trule}}$s

!

Live) the dinra may be represented by
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$$(\overline{\sigma v})_{DD}=2.33\times 10°{-14} T {-2/3} \exp(-18.76 T {-:1/2%:
N, {\rm er} 3\, {\rm sec} " {-1}:%¢%

$$(\overline{\sigma v})_{DT}=3.68\times 10" {-12} T"{-2/3) \exp(-19.94 T {-: =~
\,{\rmoem} 3N\, {\rm sec} {-1},%%

where 8T$ is measured in keV.

\medskip

The power density released in the form of charged particles 1s

\smallskip

“indent $P_{DD}=3.3\times10°{-13}{n_ D} " 2(\cverline{\sigma v})_{T0¥% tz

watt\ts cm${-3}% (including the subsequent

\hskip&.825truein D--T reacticn);

45¢
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where the Duane coefficients A; for the principle fusion reactions are as follows:

D-D D-D D T D--H.3 T T T He?

la) (1b) (2) (3) (1) (D ¢
Ay 46.007 17.88 15.9 89.27 38.30 1251
4, 372 482 50200 25000) 148 11250
A3 ]4.36 x 107H[3.08 x 107*[1.368 x 1077(3.98 x 107%[1.02 x 107" ()
Ay 1.220 1.177 1.076 1.297 2.00 ()
As 0 0 109 617 () )

Reaction rates oo (in e

see T averaged over Maxwellian distributions:

!
i

where T

(orYypr = 568 x 107

I measured an ke,

>

[

P“,):ILH:KIU—IJHD (me)pp watt cm ™

’rvy = 5.6 x jo— e npynploe)nyp watt e

IE — Dy - —12 = . cyy =3
e = 2.9 210 Moy Mpgea (0] .3 watt e

The power density veleased in the form of charged particles is

12p=2/s exp(—190.04" /3 b e see T

T renction:

Temperature DD DT D He T T T He?

(keV) (la+1Dh) (2) (3) (1) (D <)

1.0 1.5 x 10727 |5.5 x 107! 107326 3.3 x 1077 10~°°

2.0 5.4 x 107726 x 10717 1.4 x 10771 x 107! 1077
5.0 1.8 x 107113 x 1077 6.7 x 1077 1 x 107172 2.1 x 1077F
0.0 1.2 % 10711 x 107923 x 1071 (7.2 x 10722 |12 % 102" |
20.0 5.2x 10712 x 107138 x 1071 120 x 1071 2.6 x 10 e
50.0 21 x 1078 T x 1070 a4 x 1071787 x 107 0.3 < 1071
100.0 4.5 x 107785 x 10717 1.6 x 10717 11,9 x 1071 [2.7 % 10 ]
200.0 8.8 x 1071 16.3 x 10710 |2.4 x 10710 14,2 x 1071 a2 s 1078
500.0 1.8 x 1071913.7 x 10720 (2.3 x 1071084 x 10717 [2.0 % 10717
1000.0 22 % 107027 x 1071918 x 10710 1R.0 x 107 5.2 x 107!
| ]

For low energies (TS 25 keV ) the data may be vrepresented hy
(Fr)pp = 2.3 % l(l—HT—_g/3 «'X])(—AIS.TGT—I/:‘) e see

3. .
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\centerline{\headfont RELATIVISTIC ELECTRON BEAMS}

\medskip

\indent

Here $\gamma = (1-\beta~2)"{-1/2}$ is the relativistic scaling factor;
quantities in analytic formulas are expressed in SI or cgs units, as indicated;
in numerical formulas, $I$ is in amperes (A), $B$ is in gauss (G), electron
linear density $N$ is in cm$"{-1}$, and temperature, voltage and energy are
in MeV; $\beta_z = v_z/c$; $k$ is Boltzmann’s constant.

\medskip

Relativistic electron gyroradius:

¢sr_e={mc"2\over eB}(\gamma~2 - 1)"{1/2}\ ({\rm cgs})=
1.70\times10"3(\gamma~2-1)"{1/2}B {-1}\,{\rm cm}.$$

Relativistic electron energy:
3W=mc~2\gamma=0.511\gamma\>{\rm MeV}.$$

Bennett pinch condition:
$$I°2=2Nk(T_e+T_i)c"2\ ({\rm cgs})=3.20\times10 {-4}IN(T_ e+T_i)\,\rm A"2.8$

Alfv\’en-Lawson limit:
$31_A=(mc"3/e)\beta_z\gamma\ {\rm (cgs)}=(4\pi mc/\mu_Oe)\beta_z\gamma\ {\rm
(SI)}=1.70\times10"4\beta_z\gamma\,\rm 4.$$

The ratio of net current to $I_AS$ is

$${I\over I_A} = {\nulover\gammal}.$$

Here $\nu=Nr_e$ is the Budker number, where $r_e=e 2/mc 2=2.82\times10"
{-13}\,%cm 1s the classical electron radius. Beam electron number density 1is
$¢n_b = 2.08\times 1078 J\beta"{-1}\,{\rm cm}~{-33},$$

where $J% is the current density in A\ts cm$"{-2}3. For a uniform beam of
radius $a$ (in cm),

$$n_b=6.63\times10°7 1 a~{-2}\beta"{-1}\,{\rm cm}~{-3},8%

and
$2{2r_e\over a}={\nulover\gamma}.$$
vwfillejecti\end
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RELATIVISTIC ELECTRON BEAMS

Here v = (1 — ﬂz)_l/z is the relativistic scaling factor: quantities
in analytic formulas are expressed in SI or cgs units. as indicated: in
numerical formulas, I is in amperes (A), B is in gauss (G). clectron

linear density N is in cm ™!, and temperature. voltage and encrgy arc iu
MeV; B, = v, /c; k is Boltzmann’s constant.

Relativistic electron gyroradius:
me”

Te = B (’72 - 1)1/2 (cgs) = 1.70 X 103(')/2 - 1)1/2[3_1 ci.
e

Relativistic electron energy:

W = mc’y = 0.511y MeV.
Bennett pinch condition:
I? = 2NK(T. + T;)c® (cgs) = 3.20 x 107 *N(T, + Ti) A~.
Alfvén-Lawson limit:

[y = (me/e)p.y (cgs) = (dmme/poe)f.v (SI) = 1.70 x 10% 3.y AL

The ratio of net current to I4 is

I v
I, Y
. b ‘2 . - -
Heve v = Nr, is the Budker number. where v, = 7 /me”™ = 2.82 x

—~13 . . . .
10 cni is the classical electron radius. Beam electron number density
IS

o= 2.08 x 10%73 7 tem™?

. . . . .o . .
where J is the current density in A cm ™ 7. For a uniform beam of radins
a {in cm),

n, = 6.63 x 1()7111,_2/1_1 cm T3,

and

46
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\input prolog
\hoffsetzl 25trueinivoffset=1.0trueinhsize=6.0truein\vsize=9.0truein
\pageno=47
Child’s law: (non-relativistic) space-charge-limited current dersity betwee
paraliel plates with voltage drop $V$ and separation $d$ (in cm) 1is
33 =2.34\times 1073 V {3/2}d " {~2}\ ,\rm A\,cm"{-2}.8%

mallskip
he saturated parapotential current (magnetically self-limited flow along
eguii-potentials in pinched diodes and transmission lines) is$"{293}$
$37_p=8.5\times10"3G\gamma \1ln\left [\gamma+(\gamma~2-1)"{1/2}\right]\,\rm 4,$$
nere $G% is a geometrical factor depending on the diode structure:
“erallskip
‘,nAAg1<\quad#\hfll\qquad&z\hfll \cr
swerfpeihbox{#\displaystyle G={w \over 2\pi d}$}

f£for paraliel plane cathode and anode \cr

":”{‘7?1}

2% width 3w$, separation $d$; \cr

“1n {R_2 “over R_1} \right)"{-1}$ &for cylinders of
$r_2% (outer); \cr

\over d_0}$}

_c
e of radius $R_c$, maximum \cr

separation $d_CF (at $r=R_c%) from plane
arn-de. “cr}
rallzskip
$ibetal\toCy; (Cgammadtol)d, both $I_A$ and $I_p$ vanish.
iskip

The condition for a lungitudinal magnetic field $B_z$ to suppress

fi1lamentatlon 1n a beam of current density $J$ (in A\ts cm$"{-2}%) is
\smallskip\nointeri: >
%2 z > 47 \beta_z('g

~ma J) {1/23\,\rm G.$%

by Rogowski coil of minor cross-~sectional area $A$, $n$
uz $a$, i1nductance $L$, external resistance $R$ and
n SI):
d#\hfil\qquadiqquad&®#$\hfil \cr
§V=(1/RC; (nA\nu_0I/2\pi a); \cr

£V=(R/L) (nA'mu_0I/2\p1 a) = RI/n. \cr}}s$sg

t-ray productior, target with average atomic number $Z\;$ ($V \approxlt

cta ety hhex{r-ray pouersheam powert=T"\times10°{-4} ZV.$3$

oL metel mereractesd byoan e-leam depssiting total charge 309
e P et HgY _Cormoraxrdoin material with charge ctate 328
Sy 0 pRSLe DT D 0e0k e rads 33
: Gt and

\r.: _:\":': z
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Child’s law: (non-relativistic) space-charge-limited current density he-
tween parallel plates with voltage drop V and separation d (in cin) is

J=234x10°vV3%47%2 A cm™?

The saturated parapotential current (magnetically self-limited flow along
. . . . . .. . . 29
equipotentials in pinclhed diodes and transmission lines) is

I, =8.5 X 103G71n [7 + (72 - 1)1/2] A.

where G is a geometrical factor depending on the diode structure:

w for parallel plane cathode and anode
G = o21d of width w. separation d:
Ro\ !
G=|ln— for cylinders of radii Ry (inner) and o (outer):
1
G R, for conical cathode of radius .. maxinnim
T do separation dy (at » = R.) from plane anode.

For 3 — 0 (v — 1). both Iy and I, vanish.

The condition for a longitudinal magnetic field B. to suppress filianen-
. . . . ) .
tation in a beam of current density J (in Acm™ ") is

B. > 478.(v)? G.
Voltage registered by Rogowski coil of minor cross-sectional area A, n

turns. major radius a. inductance L. external resistance ' oand capaci-

tance C' (all in SI):

externally integrated V =(1/RCYnApyl/2ma):
self-integrating V=(R/L)nApol/2na) = RI/n.

X-ray production. target with average atomic number Z (VS 50 M MeV):

- —4
7 = x-ray power/beam power = 7 X 107" Z V),

X-ray dose at 1 meter generated by an e-beam depositing total charge
conlombs while V' > 0.84V,,,,x in material with charge state Z:

D = 150V 25022 rads.

max

47
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\centerline{\headfont{BEAM INSTARILITIES}$ {30}¢}
\bsk % BEGINNING OF TABLE.
o \vbox{\tabskip=0Opt \offinterlineskip \halign to\hsize
. {\strut#&\vrule#t\tabskip=3pt plus3pt minus2pt&# hfil&\vrulet
£$28\hf1l&\vrule#&®\hf1l&\vrule#\tabskip=0Opt\cr ‘trule \tska{3}{3pt}
I\hfi1l Namel\om\hfil Conditions\hfil|\hf1l Saturation Mechanism&\cr
> “tska{3}{3pt} \trule “tska{3}{ipt} \trule \tska{3}{3pt}
. I[Electron-|V_d>\ov{V}_{ej},\;j=t,21Electron trapping until &\cr
\ I\quad electronlloml\quad$\ov{V}_{e3j}\sim V_d$&\cr \tska{3}{6pt}

|Buneman|V_d>(M/m) " {1/3} ov{V}_1,/Electron trapping untilé&\cr
Nom!V_d>\ov{V}_el\quad$iov{V}_e\sim V_d$&\cr \tska{3}{6pt}
[Beam-plasmalV_b>{(n_p/n_b) {172y av{V}_blTrapping of beam electrons&\cr
\tska{3r{6pt}
[Weak beam-|V_b<(n_p/n_b) {1/33 ~v{V}_vlQuasil:near or nonlinear&\cr
\ \guad plasmallom!iiquad (mode coupling)&icr “tska{3}{6pt}
iBeam-plasmallcv{V}_e>V_b>'cv{¥}_blQuasilinear or nonlinear&\cr
Nguad (hot-electron)|\oml\om&\cr \tska{2}{6pz}
~ |Ton acoustic!T_eNgg T_21,\;V_dVgg C_slQuasilinear, 1on tail form-&\cr
(\om|\oml\quad ation, nonlinear scattering,&\cr
INoml\om|\gquad or rescnance broadering.&\cr \tska{3}{6pt}
. Anisotropic|T_{e\perp}>2T_{e‘parallell}{Isotropization&\cr \bs{1pt}
I\quad temperaturellom|lom&\cr
f\quad (hydro) |NemiNom&\cr \tska{3}{6pt}
|Ton cyclotroniV_d»20%ev{V}_1\ ({\rm for}!Icn heatingé\cr
[\om[\om\hf11$T_elapprox T_1)¢{\om&\cr \tska{3}{6pt}
!Beam—cyclotron]V,d>C_s%Hesonance broadenlng&\cr
: f\quad (hydro)|\om|\om& .cr \tska{3}{6pt}
< IModified two-|V_d<( i+ bena) {1/2}V_A, |Trappirg&\cr
I\quad stream (hydrs)!V_3i>C_s!\om&\cr \tska{3}{6pt}
iTen-1on (egualli<2(i+.reta) " {1/2}V_AlIon trappingk\cr

e O

f\quad beams)!Mom!lorticr
Lrokadldiope}
]

. tlon-1on {(equallU<2C_s|Ion trappingkcr
Veanad beams) [ hemlvemtNer Veska{3}{3pt} trrulel}

nomenclature, zee p. 50,

11V ect end
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BEAM INSTABILITIES?®
Name Conditions Saturation Mechanism
Electron- Va > Vej, J =1,2 | Electron trapping until
electron Ve_j ~ Vy
Buneman Va > (M/'m)l/al_/i,

Beam-plasma

Weak beam-

plasma

Beam-plasma
(hot-electron)

Ion acoustic

Anisotropic
temperature
(hydro)

Ton cyclotron

Beam-cyclotron
(hydro)

Modified two-
stream (hydro)

[on-ion (equal
beams)

[on-ion (equal
beams)

V(I
Va

Vd > Ve
Vi > ('np/'nb)l/a‘_/b

Vi < (np/n) 3V
Ve >V > W

Te>>Ti~ Vd>>cs

T.. > 2T,

> C,

< (14 ) 2v,.
> C,

U <21+ p8)Y3%v,

U<2C,

Electron trapping until
Ve ~ Vd

Trapping of beam clectrons

Quasilinear or nonlinear
(mode coupling)

Quasilinear or nonlinear

Quasilinear, ion tail form-
ation, nonlinear scattering.
or resonance broadening.

Isotropization

Ion heating
Resonance broadening
Trapping

Ion trapping

Ion trapping

For nomenclature, see p. 50.
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\input prolog \pageno=49
\voffset=1.0truein\hoffset=0.25truein\vsize=9.0truein\hsize=6.5truein
\vbox{\tabskip=0pt \offinterlineskip \def\ds{\displaystyle}
% HERE, \ds IS USED FOR ‘DISPLAYSTYLE’.
\halign to\hsize{\strut#&\vrule#\tabskip=3pt plus3pt minus2pt&#\hfil&\vrule#
&\hfi1$#$\hfil&\vrule#&\hfil$#$\hfil&\vrule#&\hfil$#$\hfil&\vrule#
Z\nfi1$#$\hfil&\vrule#\tabskip=0Opt\cr\trule
\om&height3pt&\om|\multispan7&\cr
{\om{\multispan7\hfil Parameters of Most Unstable Mode\hfil&\cr
\om&height3pt&\om|\multispan7&\cr
\om|\om&\multispan9\hrulefill\cr \tska{5}{2pt} \bs{0.75ex}
% THIS USE OF \hrulefill IS MORE GENERAL AND ELEGANT IN MANY CASES
% THAN THE ‘HARD-WIRED’ \hrule USED UNDER ‘Dimension’ ON PAGE 10.
I\hfill\raiselex\hbox{Name}|\om|\om!{\rm Wave}!{\rm Groupl}&\cr
INom|{\rm Growth\ Ratel}|{\rm Frequency}|{\rm Number}|{\rm Velocityl}&\cr
\tska{5}{2pt} \trule \tska{5}{ipt} \trule \tska{5}{2pt}
{Electron-|\ds{1\over2}\omega_e|0}\ds0.9{\omega_e\over V_d}|0&\cr \bs{5pt}
I\quad electron|\om|\om|\om|\om&\cr \tska{5}{2pt}
{Buneman|\ds0.7\left({m\over M}\right) " {1/3}\crmega_el
\ds0.4\left({m\over M}\right)~{1/3}\omega_el\ds{\omega_e
\over V_d}I\ds{2\over3}V_d&\cr \tska{S5}{2pt}
IBeam-plasma|\ds0.7\left({n_b\over n_p}\right) {1/3}\omega_el\om$\omega_e-$
\hfill\ds{\omega_e\over V_b}|\ds{2\over3}V_bi\cr
INomiNom§Nom\hfil$\ds0.4\left ({n_b\over n_p}\right) "{1/3}\omega_e$|
\om|\om&\cr \tska{5}{2pt}
|Weak beam-|\ds{n_bl\over2n_p}\left{({V_b\over\ov{V}_b}\right) " 2\omega_e
[Nomega_el\ds{\omega_e\over V_b}|\ds{3{\ov{V}_e} "2\over V_b}&\cr \bs{6pt}
I\quad plasmal\om|\om|\om|\om&\cr \tska{5}{2pt}
|Beam-plasmal\ds\left({n_blover n_p}\right) {1/2}{\ov{V}_e\over V_b}\omega_e
[\ds{V_b\over\ov{V}_e}\omega_el\lambda D {-1}V_b&\cr \bs{5pt}
I\quad (hot-electron))\oml\om)\om|\om&\ecr \tska{5}{2pt}
IIon acousticl\ds\left({m over MN\right) "{1/2}\omega_ii\ds\omega_i
[\lambda_D~{-1}(C_sf\cr \tska{5}{2pt}
lAnisotropic|\Omega_e ! omega_e\cos\theta\sim\Omega_elr_e {-1}|
Nov{V}_{e\perpré\cr \bs{1ipt}
I\guad temperaturel\om!\om|\om|\om&\cr
N\quad (hydro)[\om|\om!\omi\om&\ecr \tska{5}{2pt}
[Ion cyclotronl0.1\Omega_il1.2\Omega_ilr_1"{-1}I\ds{1\over3\ov{V}_i&\cr
Vtska{s}{2pt}
|Beam-cyclotron|\ds0.7\Omega_el\ds n\Omega_e(0.7
VMlambda D {-1}[\approxgt V_d,;&\cr \bs{1ipt}
[Nquad (hydro) | NomiNom|Nom|\apprexlt C_s\ph{;}&\cr \tska{5}{2pt}
IModified two-IN\ds{1\over2}\Cmega_H|\ds0.9\Omega_HI\ds1.7
{\Ormega_H\over V_d}I\ds{1\over2}V_d&\cr \bs{Spt}
I\quad stream{\om|\om|\om|\om&\cr
I\quad (hydro) \om|\om/\omlI\om&\cr \tska{5}{2pt}
{Iocn-10cn (equall0.4)\Omega_HI10I\ds1.2{\Omega_H\over U}|0O&\cr \bs{4pt}
INquad beams)|“om|Nom|\om|\om&\cr \tska{5}{2pt}
|ITon-1on (equall\dsG.4\omega_il0l\dst.2{\omega_i\over U}|0&\cr \bs{4pt}
INquad beams) Nom{NomlNomiNomiNer \tska{5}{2pt}\trule}}
For nomenclature, see p. 50.
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Parameters of Most Unstable Mode
Name Wave Group
Growth Rate Frequency Number | Velocity
1 ¢
Electron- —We 0 0.9— 0
electron 2 d
m \ /3 m \ /3 We 2
Buneman 0.7 — we (0.4 — We — -Vy
M M Vi 3
ny 1/3 We 2
Beam-plasma 0.7 We | We — -V
n, Vi 3
1/3
ny
04;(——) We
Np
; Vo \ 2 . 3V?2
Weak beam- e <_—b) We We ad <
plasma 2np ‘/b ‘/b ‘/b
ny 1/2 V Vi -1
Beam-plasma — v We V—we )‘D Vi
(hot-electron) "p b ¢
m 1/2
Ion acoustic (—) Wi w; )\Bl C,
M
Anisotropic Q. we COS B ~ £, 're'1 V. L
temperature
(hydro)
1 -
Ion cyclotron 0.1€2; 1.292; 1?‘1 g 7
Beam-cyclotron 0.7€2, nl. 0.7)\51 2 Vi
(hydro) < C.
. 1 Qy 1
Modified two- —-Qy 0.9y 1.7— -V,
s 2 Va 2
strecam
(hydro)
. Qp
[on-ion (equal 0.4Qpy 0 1.2— 0
beams) v
Ton-ion (equal 0.4w; 0 1.2-;% 0

AP

For nomenclature. sce p. 50.
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\input prolog \pageno=50
\hoffset=1.25truein\voffset=1.0truein\hsize=6.0truein\vsize=9.0truein\1ndent
In the preceding tables, subscripts $e$, $i$, $48%, $b$, $p$ stand for
‘‘elec\-tron,’’ ‘‘ion,’’ ‘‘drift,’’ ‘‘beam,’’ and ‘‘plasma,’’ respectively.
Thermal velocities are denoted by a bar. In addition, the following are used:
\halign {$#$\hfil\quad&#\hfil\quad&$#$\hfil\quad&#\hfil \cr
&Zelectron mass &r_e, r_i &gyroradius \cr
&ion mass &\beta &plasma/magnetic energy \cr
&velocity |\quad density ratio \cr
Ztemperature &V_A &Alfv\’en speed \cr
_e, n_1i &number density &\Omega_e,\Omega_i &gyrofrequency \cr
n &harmonic number &\Omega_H &hybrid gyrofrequency,\cr
C_s=(T_e/M)"{1/2} &ion sound speed |\quac ${\Omega_H} 2=\Omega_e\Omega_i$ \cr
\omega_e, \omega_i &plasma frequency &U &relative drift velocity of \cr
\lambda_D &Debye length !\quad two ion species \cr} \bsk
\centerline{\headfont LASERS} \msk
{\headfont System Parameters} \ssk
Efficiencies and power levels are approximately state-of-the-art (1987).$ {31}$\ssk
\vbox{\offinterlineskip \tabskip=0Opt \halign to \hsize{
\vrule# \tabskip=3pt plus 2pt minus2pt&\strut #\hfil
Z\vrule #&\hfil#\hfil &\vrule #&\hfil#\hfil
Z\vrule #&\hfil#\hfil &\vrule #&\hfil#\hfil
g\vrule #\tabskip=0Opt\cri\trule
height 2pt&\om|\om[Nom|\multispan3 &\cr
Z\om[\om|\omi\multispan3 Power levels available (W) &\cr \bs{6.5pt}
#\hfil Typel$\displaystyle{\rm Wavelengthl\atop(\mu m)}$f{Efficiencyil\om
\om&\omk\cr \bs{8pt}
&\om!\om|\om\tabskip=0pt|\multispan3&\cr
\noalign{\vskip-C.4ex \moveright3.215truein \vbox{\hrule width2.79truein}?}
\tskc{5}{3pt} &\om|\om|\om|Pulsed!CW&\cr
“tske{5}{3pt} \trule \tskc{5}{ipt} \trule \tskc{5}{2pt}
2C0$_28110.610.01--0.021$>2\times10"{13}$1$>10758&\cr

g\om|\om| (pulsed) | Nom|Nom&\cr \tskc{5}{1ipt}
AC01510.418>107081$>120%% \cr \tske{S}{1pt}
2Holmium|2.0610.031$>1077$130&\cr \tskc{5}{1pt}
¢Iodinel1.31510.0031$>107{12}8|--&\cr \tskc{5}{1pt}
“!d-glass,[1.06(0.001--0.061%\s1m 10°{14}$11--10%"3%&\cr

thquad YAG!|\om!Nom|(10-beam system)|\om&\cr \tskc{S5}{1pt}
tllap{*}Colorl1~--4110$"{-3}81$>10"6%| 14 \cr

#\quad center |\om|\om!\om|\em&\cr \tskc{5}{1ipt}
%" 11ap{*}0P0]0.7~--0.9]1108"{-3}$1$10° 6% 1&\ cr \tskc{5}{1pt}
£raby0.694318<10°{-3}3¢1$107{10}8 118 \cr \tske{5}{1pt}
LHe-Hel0.63281108°{-4}%(--11--50% \times10°{-3}% &\cr \tskc{S}{1pt}
?“1lap{+*}Argon 1onl0.45--0.6C1108 {-3}$1$5\tames 1074311--10&\cr \tske{S}{iptt
$N%_2%10.22711$20.001--0.051104"5%~-10%3"6%|~~&\cr Vtske{5}{1pt}
W 1lap{+}Dyel0.3--1.11108"{-3}¢1$>10" 631 140& cr “tske{S}{1pt}
¥r-F10.2610.0818>1079% | --2Vcr Mtoke{B}{1pt}
Ylenonl0.17510.021%>1078%  --& er Vtoke{53{2pt)} “trule “noalign{d=zck}
‘oar\hbox{*Tunable sources}\hidewidthicr}} Vsck % EID OF TAEBLE.

[
=

[ IS -

G stands for Yttraium--4luminum Gornet and OPO for Optical Parametrac
Dceillator.
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In the preceding tables, subscripts e, 7, d. b, p staud for “electron.
\ “ion,” “drift,” “beam.,” and “plasma,” respectively. Thermal velocities

i ' are denoted by a bar. In addition, the following arc used:
b m electron mass Te, T gyroradius
y M ion mass Jé] plasma/maguetic eunergy
v V velocity density ratio
N T temperature Va Alfvén speed
N Me . Ty number density Q. 82; gyrofrequency
X n harmonic number Qg hybrid gyrofrequency.
N Cs = (Te /M)l/2 ion sound speed Qp? =Q.Q;
S We . W; plasma frequency U relative drift velocity of
-: AD Debye length two ion species
N
LASERS
System Parameters
Efficiencies and power levels are approximately state-of-the-art (1987).°%
‘_-‘v Type Wavelength Efficiency Power levels available (W)
(p2m) Pulsed CW
4
- CO» 10.6 0.01-0.02 > 2 x 1013 > 10°
. (pulsed)
2 CO 5 0.4 > 10° > 100
y Holmium 2.06 0.03 > 107 30
. Iodine 1.315 0.003 > 1012
: Nd-glass. 1.06 0.001 0.06 ~ 10 1 10°
g YAG (10-beam system)
*Color 1-4 1073 > 10° 1
N center
N *OPO 0.7 0.9 1072 10° 1
N Ruby 0.6943 <1073 101" 1
, He-Ne 0.6328 10~ 1 50x1073
: *Argonion | 0.45 0.60 103 5 x 10° 1 10
. Na 0.3371 0.001 0.05 10° 10°
o, *Dye 0.3 1.1 1077 > 10° 140
‘ Kr-F 0.26 0.08 > 107
1 Xenon 0.175 0.02 > 10°

*Tunable sources

YAG stands for Yttrinm Aluminum Garnet and OPO for Optical Para-
metric Oscillator.
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\pageno=51

\hoffset=1.25truein

\voffset=1.0truein

\hsize=6.0truein

\vsize=9.0truein

{\headfont Formulas}

\medskip\indent

An e-m wave with {\bf k} $\parallel$ {\bf B} has an index of refraction

given by

$8$n_\pm = [1-\omega_{pe} {\ph{1}2}/\omega(\omega\mp\omega_{ce})]"{1/2},8%
where $\pm$ refers to the helicity. The rate of change of polarization

angle $\theta$ as a function of displacement $s$ (Faraday rotation) is given
by

$$d\theta/ds = (k/2)(n_{-}-n_{+})=2.36\times 1074 NBf +-2}\,{\rm cm}~{-1},%%
where $N$ is the electron number density, $B$ 1s the field strength, and

$f$ is the wave frequency, all 1in cgs.

\smallskip\indent

The quiver velocity of an electron in an e-m field of angular frequency $\omega$
is

$$v_0=eE_{\rm max}/m\omega=25.6 I {1/2}\lambda_O0\,\rm cm\,sec”{-1}$$

in terms of the laser flux $I=cE_{\rm max} {\ph{\mu}2}/8\pi$, with $I$ in
watt/cm$"28, laser wavelength $\lambda_0% in $\mu$m. The ratio of quiver
energy to thermal energy 1is

$$W_{\rm qu}/W_{\rm th}=m_e{v_0}"2/2kT=1.81\times10°{-13} {\lambda_0}"2I/T,$$
where $T$ is given in eV. For example, if $I=10"{15}\,$W\ts cm$"{-2}%,
$\>\lambda_0 = 1\, \mu$m, $T=28\ts keV, then $W_{\rm qu}/W_{\rm th}\approx0.1$.
\smallskip\indent

Pondermotive force:

$$\hbox{{$\cal F$I\kern-0.74em{$\cal F$}}=N\nablal\langle E"2 \rangle/8\pi N_c,$$
where

$3N_c=1.1\times 10°{21} {\lambda_0}"{-2} {\rm cm}~{-3}.%%

\indent

For uniform 1llumination of a lens with $f$-number $F$, the diameter $d$

at focus (85\% of the energy) and the depth of focus $1$ (distance to first
zZero 1n intensity) are given by

$td\approx 2.44 F\lambda \theta/\theta_{DL}{\rm\quad and \quad}l\approx\pm2

F z lombdaltheta/\theta_{DL}.$$%

Here $'thetat 1s the beam divergence containing 85\% of energy and
$\theta_{DL}$ 15 the diffraction-limited divergence:

T$yvtheta_<{CLr-2.44 larhda/b, 88
where $H? 13 the aperture. These formulas are modified for nonuniform (such

as Gaussian) 1lluminatien of the lens or for pathological laser profiles.

tvfilhejectdend
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Formulas :
An e-m wave with k || B has an index of refraction given by

2 1/2

nt = [1 - wl,(./w(w + w(‘c)] / .
9
/e where £ refers to the helicity. The rate of change of polarization angle !
. 8 as a function of displacement s (Faraday rotation) is given by 3
4 .
d8/ds = (k/2)(n_ —ny4) =2.36 x 10*NBf ?em™". 3

where N is the electron number density. B is the field strength, and f is
the wave frequency. all in cgs.

ey

The quiver velocity of an electron in an e-m field of angnlar fre-
quency w is

1/2 -1 :
vg = eE L ax/mw = 25.61 / Ap cm sec .

. 2 . . 2
in terms of the laser flux I = ¢E 2 /8w, with I in watt/cmn”. laser

wavelength Mg in pm. The ratio of quiver energy to thermal energy is

Weon/Wen = mevo”/2kT = 1.81 x 107" X% I/ T

KN P

where T is given in ¢V. For example. if I = 101 Wem™2, Ag = 1.
T = 2keV. then W /Wy, = 0.1.

Pondermotive force:
F = NV(E®)/8nN..

where ‘
2 —_9 —_— »
N.=1.1x 1()"1)\() Zem ™3,

For uniform illumination of a lens with f-number F. the diauneter
d at focus (85% of the energy) and the depth of focus [ (distance to first
zero in intensity) are given by

dx244FN0/6pr and [~ £2F°X\8/6p_.

Here 6 is the beam divergence containing 85% of energy and fpyp is the
diffraction-limited divergence:

.

Opr = 2.44A /D,

where bois the aperture. These formulas are modified for nonuniform
(such as Gaussian) illumination of the lens or for pathological laser pro-
files.
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\parskip=5pt

\centerline{\headfont ATOMIC PHYSICS AND RADIATION}

\bigskip\inndent

Energies and temperatures are in eV; all other units are cgs except where
noted. §Z$ is the charge state ($Z=0% refers to a neutral atom); the subscript
$e% labels electrons. $N$ refers to number density, $n$ to principal quantum
number. Asterisk superscripts on level population densities denote local
thermodynamic equilibrium (LTE) values. Thus $N_n\hbox{*}$ is the LTE number
density of atoms (or ions) in level $n$.

Characteristic atomic collision cross section:

$3\pi {a_0}"2 = 8.80\times 10" {-17}\,{\rm cm}"2. \leqno(1)$$

Binding energy of outer electron in level labelled by quantum numbers $n, 1$:
$$E_N\infty"Z(n,1) = -{Z"2E_\infty H \over(n-\Delta_1)"2}, \leqno{(2)}$$
where $E_\infty H = 13.6\,{\rm eV}$ is the hydrogen ionization energy and
$\Delta_1l = 0.751°{-5}$%, $1 \approxgt 5%, is the quantum defect.

\medskip

{\headfont Excitation and Decay}

\inndent

Cross section (Bethe approximation) for electron excitation by dipole allowed
transition $m \rightarrow n$ (Refs. 32, 33):

$$\sigma_{mn} = 2.36 \times 10" {~13}{f_{nm}g(n,m) \over \epsilon \Delta
E_{nm}}\,{\rm cm}"2, \leqno{(3)}$$

where $f_{nm}$ is the oscillator strength, $g(n,m)$ is the Gaunt factor,
$\epsilon$ is the incident electron energy, and $\Delta E_{nm} = E_n - E_nmS$.

Electron excitation rate averaged over Maxwellian velocity Zistribution,
Y4_{mn} = N_e \langle \sigma_{mn}v \rangle$ (Refs. 34, 35):
22X _{rn} = 1.6\times107{-5}{f_{nm}\langle g(n,m)\rangle N_e

sver \Delta E_{nm} T_e {1/2}}\exp\left( ~{\Delta E_{nm} \over T_e}
ricnn) {0 rm osecr {-1}, \leqno{(4)}$$
where %' langle g(n,m)\rangle$ denotes the thermal averaged Gaunt factor
(generally $\sim 1$ for atoms, $\sim 0.2% fcr ions).
twfi1llhezectiiend
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ATOMIC PHYSICS AND RADIATION

Energies and temperatures are in eV; all other units are cgs except
where noted. Z is the charge state (Z = 0 refers to a neutral atom):
the subscript e labels electrons. N refers to number density, n» to princi-
pal quantum number. Asterisk superscripts on level population densities
denote local thermodynamic equilibrium (LTE) values. Thus N, * is the
LTE number density of atoms (or ions) in level n.

Characteristic atomic collision cross section:
2 —-17 2
(1) mao” = 8.80 x 107 "' cmn”.

Binding energy of outer clectron in level labelled by quantum numbers

n,l:

(2) Ei(n.l):—ﬂ,
(n — Ag)2

where E‘Z = 13.6¢V is the hydrogen ionization energy and A; = 0.7507°,
[ 2 5.1is the quantum defect.

Excitation and Decay

Cross section (Bethe approximation) for electron excitation by dipole
allowed transition m — n (Refs. 32, 33):

(%) o, =936 x 1g-13 fumgnem) o

EAETI m

.

whiere f, ., is the oscillator strengthi. g(n.m) is the Gaunt factor. € is the
mecident electron energy. and AF,,,, = E,, — E,,.

Electron excitation rate ave.aged over Maxwellian velocity distribution.
‘\'lll "o o— N( <(THI n '”> (R(‘:fs' 34' 35):

(1) X, =1.6x 1077

see

Frum{g(n.m))N, ( AFE,,,
AE, T

where (g(n.m)) denotes the thermal averaged Gaunt factor (generally ~ 1
for atoms. ~ 0.2 for ions).
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Rate for electron collisional deexcitation:
$¢Y_{nm}=({N_mI\hbox{*}/{H_n}\hbox{*})X_{mn}. \legno{(5)}¢$$

Here ${N_m}\hbox{*}/{N_n}\hbox{*}=(g_m/g_n)\exp(\Delta E_{nm}/T_e)$ is the
Boltzmann relation for level population densities, where $g_n$ is the
statistical weight of level $n$.

Rate for spontaneous decay $n \rightarrow m$ (Einstein $4$ coefficient)$ {34}$
$3A_{nm}=4.3\times10"7 (g_n/g_m)f_{nm}{(\Delta E_{nm}) "2\,{\rm sec} {-1}.
\leqno{(6)}$$

Intensity emitted per unit volume from the transition $n \rightarrow m$ in an
op\-tic\-ally thin plasma:
$3I_{nm}=1.6\times 10~ {-19}A_{nm}V_n\Delta E_{nm}\, {\rm watt/cm}~3. \legno{(7)}%$

Cendition for steady state in a corona model:
$311_0Y_e \langle \sigma_{On}v \rangle =N_nA_{n0},\leqno{(8)}$$
where the ground state 1s labelled by a zero subscript.

Hence for a transition $n \rightarrow m$ in ions, where $\langle g(n,0)\rangle
\approx 0.2%,

$$I_{nm} = 5.1\times 10" {-25}{f_{nm}g_O N_eN_0 \over g_m T_e {1/2}}
\left({\Delta E_{nm} \over \Delta E_{n0}} \right)~3 \exp \left (~{\Delta
E_{n0} \over T_e} \right )\,{{\rm watt}\over{\rm cm}"3}. \leqno(9)$$

‘medskip

{\headfont Ionizaticn and Recombination}

“inndent
in a general time-dependent situation the number density of the

charge state $Z% satisfies
iN{Z)\over dt} = N_e \bigl[ -S(Z)N(Z) - \alpha(Z)N(Z) \leqno(10)$$

}

\vsr:ip~0.3truein

$3\qquad\qquadiqquad + S(Z-1)H(Z-1) + \alpha(Z+1)N(Z+1)\big] .$$

Here $5(Z)$ is the ionization rate. The recombination rate $\alpha(2Z)$

has the form $\alpha(Z)=\alpha_r(Z)+H_e‘alpha_3(Z)$, where $\alpha_r$ and
"alpha_3% are the radiative and three-body recombination rates, respectively.

wiilielectNend
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Rate for electron collisional deexcitation:

(5) Yll”l :(NIII*/NH*)XHIH'

Here N */ Ny ™ = (g /90) exp(AE,,, /T.) is the Boltzmann relation for

level population densities. where ¢, is the statistical weight of level n.
9 g

Rate for spontaneous decay n — m (Einstein A cocefficient)3?

o

(6) Anme = 4.3 X 10°(g0 /g ) fom (AE, ) see™

Intensity emitted per unit volume from the transition n — m in an optic-
ally thin plasma:

(7) I,,., = 1.6 x 10_19/1,, m N, AE, ,, wntt/cms.

Condition for steady state in a corona model:
(\\) ]VYI,N(<U()II I'>=NHAN()~

where the ground state is labelled by a zero subscript.

Henee for a transition o — i oinjons, where (g(n.0)) & 0.z

PP

-2, fu m Jo fV, ]V() AE:: " 3 AE,,(; watt
(0 I =51 x 10" 7" exp | —
) SR 1/2 AE X1 T o3
G T( 10 ¢ 1l

Ionization and Recombination
In & general time-dependent situation the number density of the

charce state Z satisfies

AN(Z)
(10 I—,:N, — S(Z)N(Z) — «(Z)N(Z)
‘

+S(Z -1)N(Z -1)+(Z+1)N(Z+1)

Heve S6Z) is the jonization rate. The recombination rate o(Z) has the
vt o Z) = o, (Z) + N, oz Z). where o, and vy are the radintive and
three-body recombination rates, respectively.
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Classical 1onization cross-section$~{36}$ for any atomic shell $;%
$3\sigmn_1=6\times107{-14} b_jg_j(x)/{U_j} 2\, {\rm cm}~2. \leqno{(11)}$$
fiere $b_j$ is the number of shell electrons; $U_j$ is the binding energy

cf the ejected electron; $x=\epsilon/U_j$, where $\epsilon$ is the incident
electron energy; and $g$ is a universal function with a minimum value $g_{ min}
Napprox 0.23% at $x\approx4$.

Ionization from ion ground state, averaged over Maxwellian electron
distribution, for $0.02 \approxlt T_e/E_\infty~Z \approxlit 100% (Ref. 35):
$$5(2) = 10°{~5}{(T_e/E_\infty~Z)"{1/2} \over (E_\infty~Z) {3/2} (6.0 + T_e/
E_Ninfty Z)F\exp\left (-{E_\infty Z\over T_eM\right )\,\rm cm"3/sec,
\legno{(12)}$8%

where $E_\infty"2$% is the ionization energy.

Electron-ilon radiative recombination rate $\left ( e + N(Z) “raightarrow
.

[Z-1)+hV\nu \right )$ for $T_e/Z°2 \approxlt 400\,{\rm eV}$ (Ref. 37):
tivalpha_r(Z) = 5.2 \times 10°{-14}Z \left ({E_\infty~Z \over T_e}

right )"{1/2} \bigl 0.43 + {1 \over 2} \1In(E_\infty"Z/T_e) \leqno(12)3$
$3\ggquad\gquad\gquad + 0.469(E_\infty~2/T_e) " {-1/3} \bi~} \,{\rm cm~3/sec}. %%

=
by

r $1N,{\rm eV} < T_e/272 < 15\,{\rm eV}$, this becomes approximately$ {235}%
$N\alpha_ r(Z)=2.7\times 10°{-13} Z"2{T_e} " {-1/2}\,{\rm cm"3/sec}.‘leqno{{14}}3¢}

cllisicnal (three-body) recombination rate for singly ionized plasma:$ {28}¢
$\alpha_3=8.75\tames 107 {-273{T_e}"{-4.5}\,{\rm cm"6/sec}.\leqro{(15)}%¢

P‘ou01on¢21t;on cross section for ions in level $n, 1¢ (short-wavelength I:im:.t )
cergma_{drm phr(n,1) = 1.54 \times 10°{-16}Z°5/n"2 K" {7+21}\, % rm cm™2,
eqna f(16)313%
t¥$ is the wavenumber in Rydbergs (1 Rydberg $-1.0974\times
Jrmoem}t{-11)8.
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Classical ionization cross-section®® for any atomic shell i

AR

klf.-‘(fff(l

(11) o, =6 X 10_141)_,'{]_,'(18)/(]_7'2(31112.

Here b; is the number of shell electrons; U; is the binding energy of th_
ejected electron; z = €/U;, where € is the incident electron energy: and g
is a universal function with a minimum value Jmin =~ 0.2 at =z =~ 4.

Ionization from ion ground state. averaged over Maxwellian electron dis-
tribution, for 0.02 < Te/Efo < 100 (Ref. 35):

-5 (T /EZ)M? EZ 3
0 _ \ _ = .
(12) S(Z) =10 (EZ)3/2(6.0 + T, /EZ) eXp T cm” [sec.

€

where EZ is the ionization energy.

Electron-ion radiative recombination rate (e 4+ N(Z) — N(Z — 1) + hv)
for T, /Z? < 400 eV (Ref. 37):

e, (EENY? 1.z
(13) (Y,‘(Z) =5.2 x 10 Z T 043+ Eln(Eoc/T‘—‘)

€

+().4GO(EOZO/T( )_1/3] Cms/sec.

For 1eV < T, /Z7 < 15¢V. this becomes approximately>®

o

o —13 52 —1/2 3 .

t14 v, (Z)=2.7T%x 10 Z°T, /2 ¢m /scc. N
N

s
. .. . . . . . . 38 +7y
Collisional (three-body) recombination rate for singly ionized plasma: ﬁ
ND
N
o d

- - ~27T o =45 6
(15 vz = 8.75 x 10 T, “em” [sec, ey

Phototonization cross section for ions in level nol (short-wavelength limit):

(16) aun(n.l) = 1.64 % 1()_1‘32’3/1131\'7+2[ cm”.

where Kois the wavenumber in Rydbergs (1 Rydberg = 1.0974x10° e~ ).
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Saha equilibrium:$°-{39}$

$${l_eN_1i\hbox{*}(Z)\over N_n\hbox{*}(Z-1)}=6.0\times .0 {21}{g_1"Z {T_e} {3/2}
\over g_n"{Z-1}Mexp\left(-{E_\infty~Z{(n,1)\over T_eX\right)\,{\rm cm}~{-3},
\leqno{(17)}$$

where $g_n"Z$ is the statistical weight for level $n$ of charge state

$2$ and $E_\infty~"Z(n,1)$ is the ionization energy of the neutral atom
initially in level $(n, 1)$, given by Eq. (2).

o

A AT

‘. W

In a steady state at high electron density,
$${N_eN\hbox{*}(Z)\over N\hbox{*}(Z~1)}={S(Z-1)\over\alpha_3}, \leqno{(18)}$¢
a function only o® $T$.

‘I\".‘i'

Conditions for LTE:$°{39}$

(a) Collisional and radiative excitation rates for a level $n$ must satisfy
$3Y_{nm}\approxgt10A_{nm}.\leqno{(19)}$$

(b) Electron density must satisfy
$2N_e\approxgt 7\times 10°{18}Z2 7n"{-17/2} (T/E_\anfty~Z) {1/2} {\rm cm}"{-3}.
J \leqno{(20)}$%

Steady state condition in corona model:
. $3 {N(Z-1) \over N(Z)} = {\alpha_r \over S(Z-1)}. \leqno{(21)}$$%

\FIOR AR IONS

Corona model 1s applicable 1f$°{40}$
2310 {123 {t_ 1} {-1}<l_e<10"{16}{T_ e} {7/2}\, {"rmem} " {-2} ,\leqno{(22)}82 L
where $t_I% 15 the ionization time. o~
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Ionization Equilibrium Models

39

Saha equilibrium:

a8 3 ) oA

g N N *(Z 01 92T 3/2 EZ (n.1 by
' (17) Ne_*l—(*) = 6.0 x IO"IQIT exXp (—-—9—”—(2———)) em ™2, :
n*(Z = 1) 97 T.

’ \
! where gf is the statistical weight for level n of charge state Z and E;ZC (n.l) '
. 1s the jonization energy of the neutral atom initially in level (n.l). given :
W by Eq. (2). :

In a steady state at high electron density.

(18) MNTZ) _SZ-1) :
N*(Z — 1) g .

Cacw

a function only of T.

jaligr g oA

Conditions for LTE:3?

(i) Collisional and radiative excitation rates for a level n must satisfy

(]‘O) Y” m 2 1()All e

(b) Electron density must satisfy

(20) N2 7x10% 270 Y 2(r/EZ Y 2em™?

Steady state condition in corona niodel:

(7] N(Z -1) v,
=1) N(z) — S(z-1)

, . . 010
Corona model is applicable if?

1

(22) 10724, 7Y <« N, <107 /2 o 73

where £ is the tonization time.
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1529
) f
\inndent
{\it N.\ B.} Energies and temperatures are in eV; all other quantities are in b
i cgs units except where noted. $2Z$ is the charge state ($Z=0$ refers to a )
t- neutral atom); the subscript $e$ labels electrons. $N$ is number density. .
: Average radiative decay rate of a state with principal quantum number $n$ K
= is
- $$4_n=\sum_{m<n}A_{nm}=1.6\times 10°{10}2"4n"{-9/23\,\rm sec. \leqno{(23)}$$
: Natural linewidth $(\Delta E$ in eV): |
’, $3\Delta E \,\Delta t=h=4.14\times 10°{-15}\,{\rm eV\,sec}, \leqno{(24)}$$ D
: vhere $\Delta t$ is the lifetime of the line. )
4
| Doppler width:
. $$\Delta \lambda/\lambda=7.7\times 10°{-5} (T/\mu) "{1/2},\leqno{(25)}%$ :
L where $\mu$ is the mass of the emitting atom or ion scaled by the proton mass.
j Optical depth for a Doppler-broadened line:$"{39}$ .
- $$\tau=1.76\times 10" {-13}\lambda(Mc"2/kT) "{1/2}NL=5.4\times
10" {-9¥\1ambda(\mu/T) " {1/2}NL,\leqno{(26)}$$
': where $\lambda$ is the wavelength and $L$ is the physical depth of the plasma; :2
Pl $Mg, $N$, and $T$ are the mass, number density, and temperature of the absorber; )
‘: $\mu$ is $M$ divided by the proton mass. Optically thin means $\tau < 1$.
¢
Resonance absorption cross section at center of line: :
e $$\sigma_{\lambda=\lambda_c}=5.6\times 10~{-13} \lambda~2/\Delta g
.j “lambda\,{\rm cm}"2. \leqno{(27)}$$
. \
9
! Wien displacement law (wavelength of maximum black-body emission): K
. $$\lambda_{\max}=2.50\times 10" {-5}T " {-1}\,{\rm cm}.\leqno{(28)}$$ -
% Radiation from the surface of a black body at temperature 3$T$: B
. $$W=1.03\times10°5T 4\, {\rm watt/cm}"2. \leqno{(29}}$$ :
. \vfil\eject\end -
) .
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Radiation

N. B. Energies and temperatures are in eV: all other quantities are
i cps units except where noted. Z is the charge state (Z = 0 refers to a
nentral atom): the subscript e labels electrons. N is number density.

Average radiative decay rate of a state with principal quantum number »

HY

23 A, = E A, = 1.6 x 1010245972 gee.
m < n

Natural hhnewidth (AE in ¢V):

(24) AEAt = h =4.14 x 107 '% ¢V sec.,

where At is the lifetime of the line.

Doppler width:

(25) AN =T7.7%x107%(T/n)*’2,

where pis the mass of the emitting atom or ion scaled by the proton mass.

Optical depth for a Doppler-broadened line:®°

(26) T = 1.76 X 1()—13A(Mc2/kT)1/2NL —_ 5‘4 X 10—9A(/L/T)1/2NL_

wliere Ais the wavelength and L is the physical depth of the plasma: M.
N. and T are the mass, number density, and temperature of the absorber:
g is M divided by the proton mass. Optically thin means 7 < 1.

Resonance absorption cross section at center of line:

(27) Ta=r, = 5.6 x 107°A% /AN e,

Wien displacement law (wavelength of maximnm black-body emission):

(28) Mnx = 2.50 x 107°T7 1 e,

Radiation from the surface of a black body at temperature T

9) W = 1.03 x 10°T* watt/cm?>,

R AR

WO, ettt




\input prolog

\hoffset=1.0truein

\veffset=1.0truein

\hsize=6.125truein

\vsize=9.0truein

\pageno=57

\parskip=5pt

Bremsstrahlung from hydrogen-like plasma:$~{26}$
$3P_{\rm Br}=1.69\times 10"{-32}N_e{T_e} "{1/2 N\sum\left[Z"2N(Z)\right]\,{\rm
watt/cm}”3,\leqno{(30)}$$

where the sum is over all ionization states $Z$.

Bremsstrahlung optical depth:$°{41}$

$8\tau=5.0\times 10" {-38}N_eN_1Z"2 \overline{g}LT " {-7/2},\leqno{(31)}3¢%
where $\overline{g} \approx 1.2% is an average Gaunt factor and $L$ is the
physical path length.

Inverse bremsstrahlung absorption coefficient$-{42}$ for radiation of angular
frequency $\omega$:

$3\kappa = 3.1\times10°{-7}Z{n_e} "2 \1n \Lambda \,T"{-2/2} \omega“{-2}
(1-\omega_p~2/\omega~2) "{1/2}\,{\rm cm}"{-1};\qquad\leqno(32)$$

here $\Lambda$ is the electron thermal velocity divided by $V$, where $V¢ 1s
the larger of $\omega$ and $\omega_p$ multiplied by the larger of $Ze"2/kT$ and
$\hbar /(mkT) {1/2}%.

Recombination (free-bound) radiation:
$$P_r=1.69\times 10" {-323N_eT_e{}"{1/2} \sum \left [ Z"2N(Z) \left (
{E_\infty {Z-1}\over T_e} \right) \right]\,{\rm watt/cm}"3. \leqno{(33)}$$

TTVTY ¥ W ETTW ¥ RO RO TR W W K R T W W E R S L . i G~

Cyclotron radiation$~{26}$ in magnetic field {\bf B}:
$$P_c=6.21\times 107 {-28}B"2N_eT_e\,{\rm watt/cm}~3. \leqno{(34)}$$

For $N_ekT_e = MN_1kT_1i = B"2/16\pi$ ($\beta=1$, isothermal plasma),$"{26}$
$$P_c=5.00\times 10" {~-28}N_e 2T_e"2\,{\rm watt/cm} 3. \leqno{(35)}$%

L O S R

Cyclotron radiation energy loss $e$-folding time for a single electron:$ {41}$
12+ ¢ \approx {9.0\times 10°8B°{-2} \over 2.5 + \gammal}\,{\rm sec},
legno{(326) 1§

where $\gamma$ is the kinetic plus rest energy divided by the rest energy

b tmec"23.

Humber of cvclotron harmeonics$ {41}$ trapped 1n a medium of finite depth $L%:
$tm_{ rm tr}=(57\beta BL) {1/6}, \leqno{(37)3}¢%
where $\beta=8\p1 NkT/B"2%.

Line radiation is given by summing Eq. (9) over all species 1in the plasma.
vfiltejactiend
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Bremsstrahlung from hydrogen-like plasma:2°
(30) Pg, = 1.69 x 10_32N,3T¢31/2 E [ZZN(Z)] watt,/(:m:3

where the sum is over all ionization states Z.

Bremsstrahlung optical depth:41

(31) r=5.0x 10" N_N;Z33LT""/?,

where g =~ 1.2 is an average Gaunt factor and L is the physical path length.

. . 2 . . >
Inverse bremsstrahlung absorption coefficient*? for radiation of angular
frequency w:

(32) k=31x%x10""Zn  ImnAT 3?01 - W2 /wH)V % e ™!
I)

here A is the electron thermal velocity divided by V| where V is the lar
of w and w, multiplied by the larger of Ze? /AT and T:/(ml;T)l/Q.

e
h‘]

Recombination (free-bound) radiation:

. EZ“-l
(33) P, =1.69 x 10733 N, T, /2 E [ZQN(Z) (—;—)] watt /em®.

. L 26 - . .
Cyclotron radiation?® in maguetic field B:

(34) P.=6.21 x 107°*B>N, T, watt/cm®.

For N, kT, = N; kT, = B2/107r (3 = 1. isothermal p];\smn).%

(35) P.=1500x 107 N?T? watt /e,

. . . . . . . . 41
Cyclotron radiation energy loss e-folding time for a single clectron:

9.0 x 10872
P~ SO,

254

(36)

wlere v is the kinetic plus rest energy divided by the rest energy e,
Number of eyclotron harmounies*! trapped in a medinm of finite depth L
(37) e = (57THBL)YY

where 3 = 8 NAkT/ B,

Line radiation is given by summing Eq. (9) over all speciesin the plasin,

57
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