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ABSTRACT

Many aspects of the using Mente Cario methods to transport particles in complex
geommetries are explored. The thermeonuclear source of particles i3 presented as a Monte
Carlo simulation of the reaction process. Corrections due to both bulk and thermal Dop-
pler mation are described as are detailed general purpese farmulas for the stopping of
charged particles. In hetercgeneous materiais characterized by binary Markevian statis-
tics models are presanted for the effects on hoth thermal and Monte Carlo transport. It is
found that the effects of angular Coulomb scattering must be included in models of
charged particle transport through heterogenecus materials.
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Application of the QUICKSILVER 3-D electromagnetic particle-in-cell code for the
simulation of intense particle beam diodes and puised power devices

J. P. Quintenz, R. S. Coats, M. P. Desjariais, M. L. Kiefer,
T. D. Pointon, D. B. Seidel, S. A. Slutz

Pulsed Power Sciences Direcicrate, 1200
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Abstract

The QUICKSILVER! code was originally developed ar Sandia Nagonal Laboratories for
use in research in the Pulsed Power Scieaces Directorate. QUICKSILVER is a thres-
dimensional, eleciromagnetic particle-in-cell code that can be used to simulate 2 wide
variety of pulsed power devices. QUICKSILVER has been used o aid research in various
pulsed power programs including: new accelerator concept development, light ion inerdal
confinement fusion, weapons effects simulation and micrewave device development. The
QUICKSILVER suite of codes consists of a user input interface called MERCURY that
interacavely preprocesses input to help the user define the simulaton. MERCURY
resides on 2 variety of workstation platforms. QUICKSILVER is the workhorse code that
performs the simulation and is targeted for CRAY class computers. There are several
different postprocessors for the suite for pm‘ormi.ng’ one-, two-, and three-dimensional
dara rendering and manipulagdon.

This tatk will highlight the application of the QUICKSIL VER suite to simmulation of
intense ion diodes useqd in Sandia's light ion fusion program. These simuladons have
luminated the physics of these devices and have led to solutions to the problem of beam
divergence due to electromagnetic insabilides2,

1 D.B. Seidel, M. L. Kiefer, R. S. Coats, T. D. Pointon, J. P. Quinwnz, and W. A,
Johnson, in Computational Physics. edited by A. Tenner (World Scientific,
Singapore}), 475 (1991).

2 M. P. Desjarlais. T. D. Pointon, D. B. Seidel, R. §. Coats. M. L. Kiefer, J. P. Quinenz
and S. A Slutz. Phys. Rev, Latt 35, 3094 (i591).
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This reports contains scme data on the ¥onte Carlo laboratory.

Eradnetion codez and methods ged gre briefly decpined,



MONTE CARLC LABORATORY STATUS IN VNIIEF

E.N.Donskoy, V.A.Eltsov, A.K.Zhitnik, N.V.Ivanov,
Yu.K.Rochubey, A.I.Morenko, L.Z.Morenko, V.I.Roslov,
A.B.Ronzhin, A.N.Subbotin

The Monte Carlo Laboratory was founded In the VNIIEF Computa-
tional Center in 1958. The major obJjectives assigned to the labora-
tory consisted of critlcal parameter and neutron transport calcula-
tions. These calculatlons are still considered the main ones In the
Laboratory. The Laboratory has a variety of programs which are used
to run 600 - 700 applications per month. The main programs are re-
presented by:

S-90 - calculates coupled neutron-photon transport, activation

and critical parameters;

ELIZA - calculates coupled electron, positron and photon tran-

sport.

Typical problem geometry calculated with sbove programs is re-
presented by 2-dimensional axisimmetric system which i3 composed of
regions bounded by second-degree surfaces. Algorithm to control
such geometry was developed in 1968. 5-90 control algoritms provide
compietely "half-Ifree" executlon when specifying 2-dimensional gZeo-—
metry.

A geomeiry composed of differently orlented 2-dimensicnal sys-
tems and paralleleplpeds can also be specified. Moreover, general
three-dimensional geometrles conslsting of second-degree surfaces
though a reliable contrcl 1s still a problem for such calculations.

The programs have good possibllities for aspecification of
particle sources { volume, surface and point sources ) inciuding
those beyond the system with energy and angular distributions belng
set.

The output can be of two types- standard and ordered. Standard
results are always output and used for calculation validity cont-
rol. These Include unidirectilonal particle and energy fluxes, ave-
rage source partlicle parameters, total and regilonal number of coi-
lisions and reactlons, particle Increase per reactlon, physical and
simulated particle death and some others. Collision estimator rep-
resents the main estimator for standard results.,

Ordered results are requested individually for each computatl-



on. This result type 1s essentlally represeted by fluxes, doses and
reaction mumbers distributed over particle phase coordinates which
include energy, spatiasl coordinates, time, collislon number, gene-
ration number, particle type etc. The track-lengh estimator serves
the maln egtimator for this output.

For inltial data specification, problem-oriented Ianguages
using syntax translator which consists of two componentis - a loader
and an analyser. The loader allows to automate the syniax rule spe-
cificatlions. The analyser verifles whether initlal data is correct
or not and generates a standard parsing tree which 1s operated by
data generatlcon routines.

1. 5-90 CODE,.

The code computes neutron-photon transport, photon generation
in n-v reactions and in activation processes.

Several libraries are used to desecribe data on Interactlon
between neutron, <y-quanta and material - our own library created by
G.Goncharov from VNIIEF, BAS-T8 designed under the guldance A.Vasi-
liev from VNIITF, multigroup cross-section data calculated under
the guldance G.Farafontov from VNIIEF and in some cases ENDL-82.

The code aiiows calculatlons of interactlons between neutrons
and material In free molecular gas model, that 1s material atom ve-
locitles are agssumed to have Maxwell distribution with given tempe-
rature. This means that the dilfferential frequence of collisicns
hag the form

AMT > F) = J' P (T -Ao(F -2 > F - )

where P(dil) is Mazwell distribution and o{¥ -> ¥ ) 1s differential
cross—-gection. This approximation was made standard affer an effi-
aient method was developed for sampling colllsions with such frequ-
SNCY .

The maln methods Increzsing the accuracy inelude apiltiing,
russian rouletie and welght #indows on surfaces which are the cart
of both original and so called governing geometry that does not re-
late to the former. Particle paths are modeled simultaneously in
both origlnal and governing geometries the latter having a more
simple form and being used to control the computaticn.



Computational cost-effliclency can be simply and offten effec-
tively increased by forcing a particle death when 1t enters the
phase space domains which have negligible contributions to the fun-
¢tionals to be computed.

In 1968 V,0gibin from VNIITF proposed the test particle method
to compute the functionals In geometrically small reglons. S5-90
uses the following Implementation of thls technique.

S

Flg 1

A portion of the gpace where functionals are to be computed 1s
surrounde=d with a sphler2 3. Wnen a simulated (0 basl: ; partiol-
colllides beyond S, a sphere scope cone with a corresponding weligns
receives an emitted test particle which 1s simulated as follows.
The particle dles when colliding beyond S, 1f 1t reaches the boun-
dary of S, the test particle 1s further simuiated in an ususal man-
ner and the results are regigterd for it. The partlicle dies when
crossing the boundary of 5. No results 1s registered for baslc par-
ticle.

Functicnals can be computed using test particles which are in
turn generated by other test particles. Consider an example of such
approach.



Flg. 2

Particles are generated In reglon A, and resuitg are o be
computed in reglon D which s shielded from A by an absorber layer
5. The major coniributlon <o the results ls provided ULy onarsiclez
colizding In reglon C. To evaluate this contribucion due S0 colll-
sionsg in reglons A and B, test particles are emittzd Into megion 7,
the former generatlng other test particles for region D.

For estimatlion of the flux at a point two criteria are used.
The first cne 1s elther a common exponential estimator or its modi-

fication which 13 as follows.
—=
ﬂ—\>\
R

Fig. 3

Each colllsion point emits a test particle to the detector with the
particle weight given by



where p(R) 1s the probablllty density for the flight to the detec-—

tor. If a colllslon occurs prior to detector, the partlicle diles,

otherwise a result 1s registered for 1t and the partlcle 1s out.
Another estimator, unilke the above one, has a finite wvarian-

ce.

Fig. 4

The detector 1Is surrounded with 8 sphere S5 of radius H. If *the
rollision point 1s beyond S, an exponential estimator 1s taken for
1t and a test particle is emltied to the sphere scope cone with a
robablilty proportleonal to the seolld angle The [flight direction

~r thils -3“*1ﬁ|u i3 mhnaon ﬂ*ﬁvd*ﬁc A thes Aiastredbgrdon ﬁvnnnrf*

- 4, "'r_j

ONar 0 208 2 where ¢ 1s angle oeiwesn tiwe I[:lght directlon and e
direction to the detector. Blase of flight direction distributions
gecounted by the welght assigned to the particle. If the ecollision
ocours prior to 3, the particle dles otherwlse 1t contlinues moving
Inside the sphere with coliision erosg-gection ZR/r > 5. An e¥pone-
ntial estimator with the welght /R I8 applied from zach ecolilsiom
point to evaluate the [1ux. The partlicle dies when the real ocolii-
glon occurs for the fiprst time or 5 is reached.

If the colilsion polnt 15 inglde 5, It emits a test particls
#nich is modeled with the rrevious algorithm.

Substantial efficlency increase for $-90 computatlons was ob-
tained by the following implementation of path simulations. The
snergy variation range for ¥ narticles is divided into 100 inter-

-~



vals which are uniform with respect to in E. For =ach spatial regi-
on of an application, maxlmum cross-sectlion wiihin zach =nergy in-
terval are calculated. For slmulating, cross-section are represen-
ted by calculated maximum crogss-sectlon with sampling them being
highly cost-efficlent, hence optically thin regions oan be cosi-
efficlently computed. If the colllsion occurs inside 3 region the
materlal 1s chosen where the colllslon takes place. For optlmizing
these computatlons, materials are ordered according 0 decreasing

concentrations, so that the first materials In inz compuraticn se-

of a fictlon collislon after all materials have necn samnied, “he
sotal true cross-sectlon becomes known and the next ool )
is simulated using this c¢rogs-gectlion that is zers ~mopabilliy  of

1

fletion colllsion. This algerithm preventis the ouszzre o0 [letiin
collisions from growing considerably.
2. ELIZA CODE,

This program compiubes <oup:2sd y-quanium, so=0TDl20 and S051070n
cransport. The foliowing v-quanta material Interaciion oPoocsses
are considered - nonccherent ( Compion ) sSeaitzrine witk  cesncss
s2leciron binding in the atom, coherent ( Falsnizy - =ea-toring,
thotoabsorptiion with respect to the emlssion of Jlioreso-snt  _uan s
and Oze-clecirons, generaiion electron-posiiran [airs., zor =l=27-

rons and posiwvrons, elastic scatiering on the rnlci=is,  soallzrling
on the f{ree electron, K-shell lonlzation, bDremestraniing and  Zwo-

craton o annitiiavion of masicrmang are coneldarad Tha oeaner vare
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ELIZA capabliities are very similar oo wacce L0 Ie0l L ol a
of geometry, source, result specification and v-quanra simuiqting.

For charged particle calculations, one has o oyersome séme
specific difficulties associated with specilal ag
oetween these particles and material. The mos: _mperran: 2 iac

treracrtion

m
i
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i
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Counlomb interactlon dominates the nteracticon Uotwesn oharced  rar-
Ticwes and materlal the former peing  ocharac czoiIsr T Toowyns

cxtended scatiapring ndicairix and large ~rogs—<serclon, Thnems

particie experlences so many collilsions that —hery canntt U=

Ly simulated. Varlous authors proposed a numper of methods 7o aveld

this. ELIZA uses an implementatlon of catastropiile ecollision method
™

where the differentlial ~rogs-sectiion lg renreacnvted a2 aign -7 O

=t



addends one of them descritelng small angies coilisicons and the on-

£ 1

her the remalning type. Smail angle collisions are deseribed using

TOCHer=CIAnCK approxilization. 4 fhi?d order qemigacy netind 1s devies
1oped for sten-gpy-sten nath construaciic to o gimulacion A2f7usion
tracotories ocourdng when thls spnroach Is used.

Eoiga SMpucys 8 numoer i methods Including she acove menti-
oned T Inerease the compusational efliciency. It shouid he noted
that secondary partlele gereration polnts are systematically redls-
trituted regarding their siegmificance. The computations are made
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1
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3. RELATED DEVELOPMENTS,

in addition to the above, other developments are performed by
the laborasory. We shall cresent some of them.

f. Our laboratory develioped meihods and programs for calculs-
Llons of nonliinear neutlron :ralhpnrJ and nedircn and nuelear TRAC-
tion xinetics in moving mecdia. For coupled computatlons of gasdyna-
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Center. currently, she ampitaiions  are:  el-
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RADIATION TRANSPORT CALCULATION WITHOUT
LOCAL THERMODYNAMIC EQULIBRIUM ¢ LTE >

B.A. Voinov, P.D.Gasparyan, Yu.K. Kochubey, V.I.Roslov

The repcert presents the problem formuiatlon for nonequlibrium
radiaticn transport calculations. The methods for 1-D problems ars
described. Iilusgtrative test calculations are given.



RADIATION TRANSPORT CALCULATION WITHOUT
LOCAL THERMODYNAMIC EQULIBRIUM ¢ LTE 3

B.4 Volnov, P.D.Gasparyan, Yu.K. Kochubey, V.I.Roslov

INRODUCTION

The Computational Center of VNIIEF hags a varlety of methods
for various types of radiation transport caicuiations inciuding
multidimensional geometriss., The common feature for them 1s repre-

sented by the use of LTE approximation whers the source functlion
for photoemlsslon nrocesses Is Planck function. However ‘there are
some applications wnere <this approximation is not scceptabie. Thes
L1g I dlnetle processes  In multichargs  Lon

c mumber of ontitice aneccun—

1T

inciude the caloUlailicils o
nonedliaorium plasma typicar I0T 3 Larde
tered in physics of nlgh energy densitiaes /1-6/:
- glow spectra of laboratory piasma obialned 1in high-
performance physical devices ( pinch, plasma focus, TOKAM-
AKX, iaser plasma );
- I1nertial fuslon target impiosion:
- generation In plasma and X-ray lasers;
- 2mlssion specira of astrophysicai Sbjects
Since esxperimental studles are compiex, expensive and some-

B

times impossicie in laboratory, a method nad to be develored 7o mo-
dz1 the obJects of this Xird and thus to predict and interpret  2x-

perimentar resulis. Tnls method with i1ts laiest version referred oo
as 55-9Y was developed to calculate noneguilbrium radiaticn trans-
port In one-dimensicnal zezometries.

PROBLEM FORMULATION

The Zoilowing processes are oconsldered in 3 radlaftlon oolilzi-
on model:
~ 3peciray Sransport oI nhotons with sourrce throush
vlon, emission and scattering regetions:
P f Ion zevel popuiations Zor varlous chemical com-
tions and ionizasion multiplicities Ineluding exeiiati-
TEACTIONS wien Lons coilide withi Dhotons

iy
i
7]
|

cCT
- LWo-Temperature ; nonrelativistic gas dynamiecs wil<h



electron neat conduction Ineluded.

Data on interactlon between lons, photons and free electrons
wlth a relatively simple 1on composition ( H, He, L1, , Ne-11ke
lons ) 18 created from calculations of level energles and probabi-
litles for discrete—dlscrets transitiong with relativiatic singlo-

L‘[l

lectron funciicns. Cross-gsectlons for pnotolonization and ocoliisi-
on processes are obtalned with Interpolation formuias /7-9/.
The methods uses the following basic physical approxlmations:

- complete frequency redistribution approximation for photon
absorption/emisslon processes;

- Maxwell distribution of lons and free electrons over veio-
clty ( two-temperaiure pattern };

- piasma ideality, dense plasma nonideallty can be account=d
by reducing lcnization potentlals;

- bright-line radiation absorption cross-sections are assumed
to be of Volght type for all transitions except for those
in H lons where the impact of plasma microfields on oross-
sections and kinetics due to Stark effect can be accounted.

Mathematically, the problem reduces to solving the following equa-
tings In comoving ( Lagrangian ) Iframe.
1. Photon ftransport sguation

jI"g aI"J - . - N T e
JagTT T My T o=en — KUPIL, = A VIR, - K600,
whers
I, = T(x,v,&,t) - radiation intensity, © - anguiar
variables;

Bv - Planck function;
W, = g j 1,d0 - radiation intensity averaged over angles:
K{v) = K.(?) + K,{¥) - absorption coefflicient;
L. (V) = RT(X.V.t} —- total photoasbsorpticn coefficient;
ﬂ;\L3 ﬂ:\ ) - Zotar photoemission coefflicient;
K. (V) = Ka(X,V, t) - Compton-scaiiering cross-section;
» — diffsrencial operator over angular variables;
2 = mgasdymamics material density,

£. AINeTis 2QUATLINS [uof ilevel popluiatlond oi material lone

ra



where
n =n(xt) - level populaticns ordered with Increasing

energles;
A, = en] & (o, - &l ) - radtative Alsbaianee

in a transition;
x V

K () =0 (v) [ n -n 2; e T. } — absorption
coefficient in a transition:
n* -
k:ﬁlﬂ = o (v) n n; [ 1 - I, } ~ emiseion
}
coef- lent in 2 sransition;
GH{PH - 181tion ercas—sectlon;
nt
CLJ = nec”[ n -n n; ] - collision dishalance;
¢ - eollision exciéation rate;

-]

n® = n“(x,t) - equlibrium populations obtained for xmown

L

electron denslty n_, and temperature T_.

3. Gasdynamics eguations

OV _ 1 axh
IR S
L~ Ap .
vat v 5% = fp o




whers
R. = 41| dv [ Ka(v)w, - kh(V)B, ] - total radiative
disbalance;

P = 47 k(v)jv dv 3

E 1 It - T ~ - 3 -
Jo = 15 I wel div - raciatlion flux averaged over angles;

Ty - Tg
Ua1 = %e1 3 ;

2
To
5
> 9T,

NUMERT CAL METHOD

The fransport equation 1s reduced fo quasi-diffusion eguations
after averaging over angular varlabiss 10/

@u., .r’;p '
o Y= v L2y bk (vyuy, = k(0B
20t ). S 5 =
d j’”":’ P 5, G"J
— 4+ _ D + == 1, +— k(p)'ﬁ = {J
adt [ x v T W i ’
wnere D, 3v - Jquasi-dirfuaion coefficients, also referred ag  Zd-

dington factors. The original transport sguaticon 8 used o 2valua-
te guasi-dirffusion coefficlents.

The complete system 1s computed with the aspliuiing iescalgue.
The timesteDd 1s divided into two half-sieps. One of them 3s01ves 14
Iysoem o7 Lasdynamic eguations wilih nean condueticon and zycohanes

terms switched off, that 1s nne aAssumes

and porleations 5o and radlatlve quaniliies 1, i,
ted rom relations of the Zorm

2£/0 _ -
; :

are  Sedombu-

A fully conservative alfference scheme 711/ is used o computs  ‘the



gas dynamics.

The second half-step solves the equations with materlsl motion
switched off, that Is
stogt-@m=0

Time approximation of equations Is performed with a fully imp-
liglt first-order accuracy scheme. Quasi-diffusicon and electron he-
at conductlon equations are approximated over spatial varlables
using a second-order Integratlon/interpolatlon technique. Values
for J, and g, fluxes ars detzrmined on the ceil voundaries wnlli-
all remaining values are defined in cell centers. The {ransport
equation 1s approximated over spatlal and angular varlables using a
monotonous nonlinear difference scheme which relies wupon the ge-
cond-nrder accurscy DSn—method.

The second half-step 1s the most difficult to ~ompute. This is
due to a high dimension of equations to be solved which acrtually
makes 1t Impossible to use direct methods for solving the system of
difference equaticns, Therelore major efforts were almed at devein-
oing an iteration method btased on reduced dimenslon obtained by e7-
ficdiently averaging aver anguiar and speciral variables.

The aigorlinm I8 as Ioi.oWs. Absorplion coefficlents and sour-
ses Ior transport and quasi-diffusion equations are computed IZrom a
previously aobtained peopuiation and isemperature approximations. Jua-
si-diffusion coefflclents are obtained from ftransport squation and
tien used o solve quasi-diffusion equations. Thus Zound u, and ]
functions are used to solve the remaining equations which completes
the Zirst computational stage called simple lteration. The current
i1teraiion «can be terminated 3t this point, however 1t is well wnown
that simpie iterations converge too siowly for large optical thiock-
1esds.

The IF-method /12/ 1s used for convergence acceleration whicn
can be represented in the simplesi way as follows. Let ¥ be rhe
number of a spatial cell, then expressing [, by i, one obtaing  ‘he
Toilowing sysuem for uk{u? = u(xk,dﬁ

A (e, LUy - AL — A = 5. {
Ao (VgL (V) Ao () Ao (VIR (A0 Si ()

3y intyoducing anidireetional luxes
+ +
GV = A YUy,

i



we obtaln the equations

Ly = REODIL_ ) + QuimIp ((v) + Wo ()8, (v)
W) = QuUIE )+ BpV)dpe (W) + W (IS (v)

and an expression 1s obtained for radiation Intensity
u () = e Jp_ (¥) + Bp(w)dy, (v) + W (S, (v) . (1)

Tnidirectiional fluxes can pe represented as

where

+ -+ +
Ji = j irww v, Ei(ﬂ) = ji(v)/j

L]

o b §

and the Integration Is thought of as 3 result of applying a quadrs-
uire formuia used for approximation. The IF-method relles upon  as-
suming unidirectional fluxes o depend slightly on », S0  nat  ihe
simpie iteration evaluaiss ?E{PJ in an efliclent way. _

This assumption resuiis In the followlng IF  implementaticn
which accelerztes the simple lteration. Linearize the equations 1In
the vicinity of temperatures and nopuiatlons from the orevious Its-
ration and of Intensitles from  the simpie  iteration. dorrection

equations are obtalned by taking m, (¥) to be known and 1ntagrating
o¥er u

— —_
o LTl b Ao ™ e . -+ . -+
S = R0 di_ o+ Q800 - By, + G 0T = Dy
) — — A
— g o — —_ — - =

; ey v 3 v e -
b ad) 'S Feget T POy o bprttegyg T
or integral fluxes,

o o _

=Py 1OTepot = 20T,

— T .=t B o f

= Tt 7 TeeOdie ROy + Iy
Tort alantron tE‘Tﬂ_’DE‘I‘HtUI'E, and

_— —_ - — -
r T - = -
F

L) ER B
-r_“,n‘ =iy, teo
K ®

'.Ik hl"\’._1 - 'jk"_'l_'k‘lw.} -~ -k".__l;ei{ A r:;k

Zor ilevel Kinetlcs. Relation {t) for intensity and the equation Zor

T



ion temperature are used to derive the above equations.
Solving four systems of linear kinetic equations with the same

- i

matrices Hy and right-hand sides Gk’ Ggs Gy, g for each spatial
point yields the following representations

- -v+ + - N - -
ﬁnk = hk'(SJk_.I + hk'§jk+1 + hk'GTek + NK ’ (4)

+
which result In a seven-diagonal system for &7, and &] after sub-
gtitution Into Egs. (£,3). We find temperaiurs “and popuilation vali-
es for ihe current lieration by soiving the above system and using

reration (45,
NUMERICAL EXAMFLES

1. The well kuown photon "breakup" /2/ will be exemplifled Dy
the following statlonary problem. The left side of a fized plane
target 1s Irradiated wilh Isotropic Planck spectrum B, (T), T = 3
Kev, with the dillutlon factor J, = 0.0t. The right side reflects
the radiation. The target of fem thick 18 composed of iron having
the demsity of 0.05 g/cm®. The computations consldered the ground
atates of 7, ne, Li-1ike ona and one exelied ztate of 3 fon ¢ wi:-
nout accounting the rine structure j. The absorpilon oross-seeiion
Trofiie wag agsumed o De Voight one In the rescnance Dine,

the Duoos [or temperature and radiation at
2 oontaing the radlation speetrum at the layer

tboundaries. The dashed curve represents the incident radlasion in-
te

L.
1:

i)

The resonance radlaticon intensity inslde the medium inereased
with g factor of about 30 due fto photon "breakup". A similar pheno-
men | generatlng resonance radiation In nonegquilbrium plasma ) is
used in iaboratory X-ray lasers /5/.

2. Consider the radiation reiaxation in unlimited piasms wiin
a constant electron temperature T, = 2 Kev. The Initlal radiation
Intensity ls Lv = 0. Plasma is ;oﬁposed 0f ron with a dengity of
nt T/CMB Excited states of H, He-like 1lons with the main quantum

it - . FLon Tovel Tloio rvicnurs : Toded . 2] T
- P LIRS T T 3] o
R =4t mens ot el
SLAte i s Wele oL Lo DAl
=

figurm 3 presents ihe plots Sur resonance radlaion of  Ly—r
and H lons on the thresnold of Lyman continuum as function of tims.
Figure 4 shows the radiation spectrum at 10 ns. The dashed ourve



corresponds to LTE approximation.

For nonequlibrium computations, the plots show the relaxation
time to be greater with a factor of about 100 and 10° in Lyman con-
tinuum and In rescnance line, respectively.

3. Multilevel system computations were compared with data re-
ported in literature, in particular with calculations of population
inversion in He-l1ike lons of Ba where photopumping was used for the
upper level under conditlons reported In /13/ - plane target, den-
sity of 0.C4 g/em®, electron tempsrature of 2 Kev, the excitation
rate for upper ievels 3'B, 4'P, Is about ! per cent of the radia-
tive decay rate 3'P, -> 1'5, 4'P_ -» 1'S_.

FPigures 5 and & present the plots 1llustirating the relative
difference between populations for inverslon iransitions as a func-
ticn of optlcal layer thickness at the reacnance line oenter‘1‘5a -
> 2'P_. Note, that colllsion transition rates had to be changed to
Improve the agreement between the computational results for the
firgt iransitlon ( Fig.5 .

CONCLUSIONS

5-9 I3
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Ed

Itien In FCRTRAN preprocessor _anguage, SWirT, deve—
soped Uy A Miklyecpuk from the Computational Center, The preproces-
zor capapiiitles gllowed 7o design a well struciured code whlen s

Pelallive casy 0 TWle LU speClIlc compuier and o rORIGAN Wldlziuws
and S¢ extend the programeing language by Introducing the Zollowling

CONSTrUNts:

- data structures similar to those of PL/I and 70

- dynamic description of block variabies;

- recursive procedures extenslvely used In routines for ini-

tiai data evaluation.
A syntax-oriented compller written in preprocessor language 1s used
Tor initial data specification, analysis and handling. The :otal
program size is about 30000 FORTRAN statements.
Currently, computaticng are perfermed on ELBRUS-Z and IEM PC

26/386.
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MATHEMATICAL MODELLING OF FLEXIBLE PLASTICS
AND DESTRUCTION OF MATERIALS.
SEISMIC DECOUPLING OF AN UNDERGROUND NUCLEAR EXPLOSION
V.A. Bychenkov, A.A. Gorno..., V.F. Kuropatenko

A continucus medium is examined as a combination of matter and
voids:
V=V, + )

where V is the specific volume of the medium, YV, is the specific

volume of material (solid and liquid components), 6 is the specific
volume of [illegible] (void, gases), and ¥ = 68/V is the porosity.
One of the determining functions of the model is the equaticn

of state of the material

Pp = £(Vy, Ep)
where E is the specific internal energy after subtraction of work

[illegible] of stresses on flexible shears, P, 1s the average

m
pressure on the material. The mass and pressure of gas in the

pores are neglected The average stresses on the medium gi4 and on

the substance o“”ij are associated with the ratios:

oy = oy (1- ¥)

~

L8 7E =-PS.J- + 2‘_‘:

'y ; '

where S5 is the deviator of the tensor of stresses,

éij is the symbol of Kronecker

The law of deformation of porous medium is based on the
relation of pressure to porosity for a given irreversible selection
of pores.

p P
P = P  exp( ?In LAY (l)

o Pcr

where ¥, is the initial porosity, P_ = P_(¥,) is the vapor pressure,

P., is the pressure of pores closing. The law (1) was proposed by



Butkovich [1] for approximation of data on varicus rocks and is the
limit function P{¥). In general, as the determining correlation of

a porous medium, we use the equation

dinV S RCEVR, (2)

while the functions F(¥, V, P) are different for charging and

discharging. In particular, eguations (1} corresponds to

P(}C)
P(1+C)-KsVm '

F=Fp-=

where Ks is the modulus of volume expansion of material, ¢ = 1/¥,
In Pe/P... Discharging and plastic charging of porous material is
described by the function:

F = Fe(¥) > FP(T, v, P).
Fe(0) = 1, Fe(¥Y) = 0 when ¥ 2 ¥
where ¥,  is the maximum porosity. The value F = 1 in equation 2

O

corresponds to non-porous medium given the non-fulfillment of
additional friability conditicns.

A stable medium loses stability at a fracture point when there
is extension and displacement, when the extent of accumulated
damages o reaches the value 1. The formation and development of
fissures and the formation of cleavage from the action of
elongating stresses 1is described within the framework of a
statistical thermo-fluctuational model of the kinetics of cleavage
[2). The extent of breakage w is increased over the course of time

t as a function of maximum stress ¢ > 0O:

do 1

a (3)



where

T ot o
= texp (2 0-(22)% it
T U1;f3 Kg +4/3 (Li)

t, is the period of thermal vibrations of atoms, aa - 0.2, ¢, is
the velocity of longitudinal waves, U, is the volume of an atom, T,
= Cp/aR , ¢ is the coefficient of linear expansion, R is the gas
constant, T is the temperature, 8¢ 1is the coefficient of
homogeneity, Co is the specific heat capacity, u is the shear
modulus. Model (3}-{4) was obtained on the basis of the Arrenius
equation incorporating statistical concepts concerning structural
defects of the material in the form of a Weibull distribution
function. When ¢ reaches the value of 1, the solid medium converts
to fractured, The fractured medium is described either as
isotropic or as anisotropic. Friability and compaction of a

fractured medium is described by the equation:

L4 v .4
d¥ _ 1-9 V. B10y+8,05+8303 (5)
dt 3K, 1+vid, +8,+853-2)

where v is Poisson's ratio, 51 is Yaumanov's derivative from the
main stresses under conditions of flexible deformation, &, = 0,
where 1 corresponds to the "stable" direction and §; = 1, if 1
corresponds to the "unstable" direction. The isctropic fractured
medium with open fissures is characterized by values of é; = 1 in
{5) in all directions i = 1,2,3. Conditions of c¢leosing fissures:
¥ = ¥,.. Friability of fractured medium at the moment of
destruction is described by an analog of equation (5) in terms of
increments., Destruction on shear of a friable medium is associated

with reaching tangential stresses of boundary values



T = 3/2 Si5 8i3 = Y(Y,V,P),
where Y is the effective dynamic value of the yield peint. The
medium fractured on shear can be fractured by the action of shear

deformation {dilation effect) according to law (5) with

0 » | S <O o 5::5 O
& = )
) 1 3 CL:O i c’: ?.o

The change in shear stresses in the medium is modelled both
within the framework of the associated law as well as taking into

account the relaxation of stresses and obeys the equations:

d:j + A Su = 2;4@ + ﬁL.Sx +3'{,:Sn

I (6)
-
where éij is the deviator of tensor velocity of deformation Qij,
é‘._i('au- PRCLE Q. _‘;_(?,_u_i fau
*3 ?x; ‘a:t' ' g

is the rotation tensocr, U,

; is the vector of mass velocity. When

using the associated law of flow, the dissipative function A 2 0 in
(6) is determined from the correlaticn

e O cnY. e . 2.\ ,2
A= FESGEE T T s SiSuTEYT
o s SySy<gy? (7)

Calculation of the relaxaticn of stresses proceeds on the basis of
statistical thermo-filuctuational theory [3]). According to this the
function A in (6) is defined as:

:k:: f(jt_ ?5 )'ii , I»Y
i“ o} , JsY , &)

Relaxation time t_, in (8) is determined from the equation



_ Ts _Lelsas Y
L= tpenp {_T— {s ~Pok¥ (Ws_) ?I;]} l; q)
a

where ¢, ~ 1.2 + Pox 13 the crystalline density. In the absence
of movement the intensity of shear stresses T decreases over time
t according to a law similar to law (9), if we place t_, =t in (9).
Equations (6) and (8} with Y = 0 correspond to Maxwell's model of
relaxation of stresses. Intreduction of Y > 0 into ({9) 1is
equivalent to disregarding the relaxation of small stresses, when
the relaxation time turns out to be much greater than the
characteristic time of the problem and enables us to improve the
economy of the numerical methed.

Equations (6) with function A in the form of (8) enable us to
assure fulfillment of hyperbeclic conditions for a complete systen
of differential eqguations. The conditions of thermodynamic
correctness of the model are fulfilled as a consequence of
deducting the percentage of E_ from the specific internal energy in
the equation of state:

Equations of associated law (6) with A in the form of (7) lead [4)]
to a disruption of the hyperbelic conditicns for equations of
plastic flow for a number of stressed states on the surface of flow
7=y,

Dynamics problems of flexible plastic deformation of materials
under conditions of explosive charge are solved with the aid of the
explicit two-dimensional Lagrangian differential method (5,6]. The
method 1is aimed at solving dynamics problems in adiabatic
approximation by isolating contact boundaries and using artificial
viscosity to calculate the movement of shock waves. Artificial

viscosity contains linear and quadratic terms and is introduced in



the presence of compression (8u/dx < 0) of a grid intexval. 1In a

weak wave viscosity is introduced, if dufdx < 0 , d*uysox? > 0
In the first moment an independently regular gquadrangular grid is
constructed in each area of the system. In the process of

calculating, a regular grid can be locally replaced by an irregular
quadrangular grid. In light of this, Jjeoining of a number of
neighboring units takes place; however, regular structure of grid
data of a matrix type is preserved. If thermodynamic parameters of
neighboring Jjoined units differ gualitatively, then evclution is
traced within the framework of the adiabatic mechanically quasi-
equilibrium mixture. A grid of Dirichlet (Voronyi) units formed
around Lagrangian free points can be placed in conformity to areas
with an irregular quadrangular grid.

As a whole, the mathematical model correlates the methods of
M. L. Wilkins, George Mainchek and S. Sak [7].

Figures 1-4 present the results of calculations of seismic
decoupling of an underground nuclear explosion in granite, water-
saturated tuff, rock salt and alluvium. Relaxation of stresses in
the rock were not accounted for, but the decreased value of flow
boundary was ascribed to fractured material. Air and graphite were
the energy absorbents. Equaticn of state of the air was used in
tabular form [8], equation of state of graphite and rocks was
constructed accounting for evaporation [9]. Calculaticons were done
in unidimensicnal approximation accounting for a pressure of 30
bars. The first stage of calculations of an underground nuclear
explosion in air chambers was carried out in hydrodynamic
approximation - the pressure in the trajectory near the chamber and
outside the action of the heat wave was determined. The
characteristics of the rocks and the graphite used in the
calculations are presented in Table 1.



Table 1

Characteristics of Materials

(p is density, Z is mass concentration of water, Y, is linking of stable

media, Y, is max Y{(P) for fractured media, Qg,, i5 the heat of sublimation)

HP p, g/cm’ z T, Ce, Y,, GPa Y,, GPa Q.. ., kdzh/z
km/c
1. Granite 2.61 0 0.012 5.5 0.2 0.2 20
2. 5alt 2.25 0 0 4.55 0.1 0.015 7
3. Tuff 1.98 0.124 0O 2.71 0.025 0.05% 10
4. Alluviunm 1.8 0.23 0.035 i.71 0.00% 0.03 10
5. Graphite 0.5+1 0 0.78+ 0 0 60
0,56
Figure 1 shows the function ? (Fp] , where Fp is the radius

of the air chamber, ?. is the ratic of maximum value of spherical
corrected potential in reference calculation with a dense
obstruction to the corresponding wvalue in calculation with the
¢hamber. Functions zl(rp) of the underground nuclear explosion in
air chambers are non-monotonic. The lower the stability of the
rock, the higher the walue of minimal radius of the chamber F,’
weakening the seismic effect (SE). Calculated wvalues T
[m/ktJ/3] turned out to be equal: 6.2 (for underground nuclear
explosion in granite); 8.5 (salt}; 9.7 (tuff); and 15.5 {(alluvium).
Given a radius of the chamber, I, < T
place. The higher the [illegible) degree of weakening cf SE, the
higher the stability of the rock.
Increasing the porosity of the medium in the area

anti-decoupling takes

surrounding the blast facilitates lowering the SE. When the
initial porosity is low, less filled, (¥ < 0.4), the decrease of
the SE depending on the radius of the porous area is a monotonic
function. If the porosity is high, then this function beccmes non-
monotonic¢, intensification of the SE of the underground nuclear

7



explosion corresponds to small radii I'y < Tp (¥5)- Given Ly > T,

(Y,) the SE diminishes more quickly, the higher the value of ¥,.
The value of T  (¥,) '
boundary, the function '2 (T, yields to the functien 2 (I'y) for

air chambers.

increases with the growth in ¥,; at the

For each radius of the chamber there is a corresponding value
of poresity which diminishes the SE of the underground nuclear
explosion the most effectively. A further increase in
effectiveness of energy absorption is associated with the
substitution ¢f porous containing medium for material having a high
value of sublimation energy. Figures 2 and 3 show the functions of

(Fp) of an underground nuclear explesion in graphite chambers
given values of graphite density of 0.5 and 1 g/cm3, respaectively.
Analysis of the results of calculations of the underground nuclear
explosion in homogeneous graphite and air chambers demonstrate that
the dependence of optimal density of energy absorbent on radius of
chamber of the underground nuclear explosion in tuff can be
expressed by the following approximate formula:

P Pox »1-Tp/To

where p_, = 2 g/cm®, T, = 2 m/ktl/3,
The effectiveness of the energy absorbent can be significantly
increased by means of lowering its density with the growth of I.
Figure 4 shows the function 2_(Pp) of the underground nuclear
explosion in tuff using different types of energy absorbent media.
Using combined energy absorbent {(graphite, density > 2 g/cm3 for T
< 2 m/ktl’/3 + air) enables the weakening of the SE of the
underground nuclear explosion in a chamber with a radius of 10
m/ktl/3 by more than 4 times. Given this fact, the average density
of energy absorbing medium turns out to be equal to 0.02 g/cm®, but
the mass of graphite is lowered by several times in comparison with
the mass corresponding to homogeneous distribution of graphite of
optimal density.

Q
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