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SUMMARY

The Monte Carlo simulation method of G. A. Bird was applied to the
study of flow through a skimmer using various geometries, speed ratios, and
Knudsen numbers. The computer program followed a sample of 3500 hard sphere
molecules, accumulating distribution function profiles in each of 25 regions
of the flowfield, the beam profile at the downstream end of the flowfield,
and the mass flow through the skimmer orifice.

The results show beam intensities of the order of.3 of the no skimmer
interaction value at Knudsen numbers of 01 and demonstrate clearly that most
of the interaction occurs from 0 to 4 mean free paths upstream of the orifice.
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INTRODUCTION

This report deals with part of the work we have been doing during the pait
three summeru on the development and testing of a number vf computer prAgram.
designed to simuluze molecular flow problems in the transition regime. The
bimulation is done with hard sphere model using the Monte Carlolthod
developed by 0. A. Bird (2).

We describe here its application to the study of the flcw through a akimner
under conditions similar to those involved in the production of molecular beams
of high intensity and speed ratio. We simulate the flow which oc:urs in a
cylindrical region reaching upstream and downstream of the skimmer but not
including the nozzle.

Since its proposal by Kantrowitz and Grey in 1951, the free Jet-skimmer
combination has proved far superior to the zider methods using the effus6v!
flow from an orifice in an oven source. Nevertheless, in practice the intenelty
of a beam produced in this way is substantially lower than that one wsul3 obtain
it the skimmer just removed the portion of the free .et around the beam region -
that is, did a perfect job. Considerable experimental work has gone into studying
the nature and causes of this effect. Recently Govers, LeRoy and Deckers (6.
have studied the effects of background scattering on skimmer interaction; Bossel,
Huribut, and Sherman (3) nave done experiments to study the magnitude of the
skimmer interaction for various geometries and jet;,

The effect of the skimmer interaction, whatever its nature, i6 quite ieaX
If one plots beam intensity in particles per 6ec. per steradian vs nozzle skimmer
separation, the graph starts at a low value fcr small separation, in:reases to
a maximum and then drops rapidly as the separation exseeda the distance to the
Mach disc (Fig. 4, p. 994, 6). More or less succesaful attempts have been made to
correlate the large amount of experimental data availatie to enabie one to describe
a given situation with a fairly small number of parameters With skimmers of
similar geometry, the ratio of mean free path to skimmer cifice d:aneter apeazs
to be 6ignificant Roger Campargue (4) has discussed a number of dimensionless
quantitiea relevant to the nozzle beam apparatuz.

The theory associated with a nozzle beam divides naturally into ,hree areaa:

(a) Description of the free jet - that ib the density, veloaziys
and speed ratio at every point downstream of the noizle

kb) Sximmer interaction.

(c) Development of the beam downstream of the skimmer Uassuming
that any molecules involved in sRk•mmer interaction leave
the beam).

A satisfactory theory fzr (a) waa published by Ashka:nw and Shema:n n 04-
(1). A number of authors have also adequately studied lco, e'g. Zap~a et ai
in 1960 A3). A summary appears in Hagena and Marion (1). rhu r •: ' has
eluded a satisfactory theoretical discussion it h the purpose ': M4 vA
shed some light an this dark area in the Qhecry of noiue be~w.
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DESCRIPTION OF THE PROGRAM

§1. METHOD USED

The Monte Carlo method used in this study of skimmer interaction Is basic-
ally the method of G. A. Bird which has been described by him in a number of
publications, for example (2). We include a short description here for sake of
completeness and to enable us to explain the changes we have introduced to
accommodate the peculiaritios of this problem.

Bird's method is a Monte Carlo Algorithm for constructing a statistical
sample of given size N of the the molecular paths occurring in some finite
regions of an actual flow. The construction process is an imitation of what
occurs in nature, at least insofar as probability distributions are concerned.'
The particle paths are functions of time, so that at any instant only the N
coordinates in phase space (position, velocity-space) appear In computer
memory. A time couiter T is also kept in memory.

During each iterate of the calculations T is advanced by A preset quantity
DTM (Actually a number DT approximately equal to DTM) and the coordinates in
the molecule list are updated.

§2. INITIAL CONDITIONS

The initial sample is from a distribution based on what we would have if
the skimmer absorbed every molecule which hit it. Actually, the initial
distribution is of secondary importance since experience has shown that the
molecule list approaches the correct steady state distribution in relatively
few iterations.

As soon as T reaches a preset value TEQ (time at which steady flow is
assumed to have been achieved) datp. collection for subsequent output 1a begun
and continues until T reaches TEND. Following output the program aut6matidally
stops or does the next cabe.

§3. ONE ITERATION

Each iteration has two components:

(a) Chnges to molecule list due to collision.

(b) Changes to molecule list due to convection.

The computation, of (a) requires that the flow region be divided into
cells (Fig. 2) in such a way that the distribution function remains fairly
constant over each cell. At any moment the molecules residing in a given
cell constitute a sample from the distribution for that-cell, It these
molecules are allowed to collide among themselves then these collisions are
representatives of the collisions actually taking place in the gien~ ce. The
theory backing this procedure is stronger than the above sugkests. We refr v.0
Bird's original papers on the subject.

The details of the collision process are as follows: A pair of molecules
is chosen in such a way that the probability of being chosen Is prlo onal
to the relative velocity. If T. and Ib are the velocities of the pair chosa,,
they are replaced according to the hard sphere collision law With V&, Vhert
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where • is chosen from the uniform dfstribution on the unit sphere.

The position poordinates rema!in unchanged and a time parameter DT is
advanced b y,

DDT TONS .

Sn2 Ib-Vli

The number TCONS is-fixed foi each tell-and is explained in C6. C311Uaions
are computed for' a given cell until

DT + DDT > DTM.J

The last collision is kept with probability

DTM - DT
DDT

and ignored otherwise. This last refinement is.essential here because some cells
have saugh low colliaion frequencies that no collisions at all should be computed
during some intervals DTM~i

The computation of (b) is basically simple. The position coordinate.. are
translated on the basis of the time inierval DTM and velocities. The computatilon
involves some w~rk because'we use cylindrical coordinates in the program in whi:h
the translation equations are n~nlinear., We have had tD introduice two additianal
complications which do not appear necessary at.first 6ight .-- referencing the
molecule list §9' - and'stock splitt'ing §5. At the end of the collision convection
-cycle T islincrementpd ap~ropriately and the whole process is repeated.

U. iGEOMETRY

Sin:e the skimmer problem has cylindrical symmetry about ;the -ormon ax&s zf
t5he free jet and the skimmer, twp coordinates suffice toispecify positizn - the
axial ahd radial. They are denoted by (x,y), in the program (rather than izlr)
as is customary bepause essentially the same program with a few changed subkoutines
carý be used ift Cartesian coordinates). The velocity cocrdinates (u,v,w) are
with respect to the Cartesian fiame i,J,k where I is in the axial direction,
is in the raAical direction and k is in'the direction of increasing e. Tne actual
region of the flow under study ,is the jolid of revoiution generated by the shape
i~n Fig. 1.

The flow region is subdivided, into cells as requifed in tue c~'l.sin ,a-
'culation. The 25 cells and the parameters necessary tosipe.ify 7he &e..metry
are mar1ed in'Fig, 1. TnIse'parameters are kept in common area (GEO}) (see
Appendix 1). Some of them must'be specified initially (see Blook Data aubpre~grd'
and the rut are comptitedlin subroutine SETUP.

§5. STOCK SPLITTING I

I If the coordinates in computer memory simply conwtituted a *vmple of bhe
molecular coordinates in an actual flow, we should find that their donsity in
the x,y-plane 'increased 1'nearly with x. This would be unsataisfaci.3o•y btcause
then most of the compueatiln would beidone 4or the ,agiorn far frz' th4 axis wvhte



the statistical scatter for the beam region containing only a small number of
molecules would, render these results almost useless.

The solution we have adopted to this difficulty involves subdividing the
flow region into a number of subregions, using the streamlines of the flow to L
construct the boundary surfaces whenever possible. The subregions are then
assigned weights in such a way that a simulator molecule in a sibregion far
from the axis "represents" several times as many "real" molecules as one in
an axial region. For programming reasons we have found it convenient to make
the weights inversely proportional to the representation mult-2les, so that
the subregions farthest from the axis have the lowest weights.

Such an arrangement calls for a special strategy when a molecule happens
to move betweep subregions of different weights. The strategy is this: When
a molecule moves from a weight w, region to a weight V2 region, it is replaced
with

INTR(V2w )/

identical molecules. The random variable INTR is defined as follows: U

[c] with probability l-c+[a] H
INM (c) -

[c] + 1 with probability a-[a)

where [a] denotes the greatest integer less than or equal to a as is customary.
iWe have called this process "stock splitting".

§6. TCONS CALCULATION

The origigal formula of G. A. Bird for the time advance per collision is
DDT = •/ (aQ2&v) where f, n., aN are respectively the volume, total number of
simulator mo etiules, and cross'-section per simulator molecule for cell ic,and v
is the relative velocity of the collision pair. When the cells are weighted
then a• must be inversely proportional to the weight. That is if the weights
are wX, then

a. W, = const

The additional requirements on a in an actual calculation are

(.) The cross-section density in a specified region of the flow
is given (see §30).

(2) The total number of molecules must be in the vicinity of
some N smaller than the capacity of the molecule list.

Lez us say No is the number of molecules obtained in the flowfield if the
z.kiD~or caused no disturbance, i.e. absorbed everything that hit it. Let A.
be the total cross-section ((cross..section/molecule) x number of molecules) in
etll ;. A. can be computed from the free jet structure and the cross section
deneS.ty A Cat the skimmer orifice (subroutine VPOL). Then

. _



and

so that

* 0
and

TCONS(K) 2Sk/alk = 2QawNolZA w , DDT = TCONS2--

K

§7. THE INCOMING DISTRIBUTION

First the total influx rate CU to the flow region from the jet is computed
from the Jet cross-section, density Ae at the'entry point, its velocity v (taken
= 1 in our units) and the weights of the cells receiving the molecules. The
total entering cell K (assuming all k borders on the entry plane) is

Av
x area of entry surface element.

a

CU is the sum of all such quantities.

The number entering the f2"w region during time DT i: CU x DT. Each entering
molecule has its position coordinates chosen at random in accordance wir-h the
Ashkenas-Sherman formula [1] for variation of jet density with distance from the
axis

S= cos
•(R~o (LT

and the weight of the cell about to receive the molecule, The detai±s cf this

calculation appear in subroutine INPUT (Appendix 1),

§8. BOUNDARY CONDITIONS

The boundaries in question are the skimmer walls and the artifizial boundaries
introduced to enclose the flow field. A molecule colliding with a skimmer has a
choice of being reflected or reemitted from a cosine distribution at a apecified
temperature CR. The probability of reemission is a specified accommodation
coefficient ACCOM.

Tne artificial boundaries are:

k1 The entry plane,
(2) The upstream outer boundary,
(3) The downstream boundary.

Molecules which collide with (1) and (3) are deleted. if a molecu;.e ziilides with
(2) its velocity vector is reflected and augmented by the vector 2pn where r is
the outward normal to the wall the p is a specified constant. if the resuiting
velocity veeror points out of the region the molecule is deleted; otherv-se itI!

I
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is allowed to reenter. When p is roughly equal to the normal component of
the average velocity of the molecules crossing the wall, its net effect is
to simulate no discontinuity in the flow due to the boundary.

§9. REFERENCING THE MOLECULE LIST

We discuss here the actual arrangement of the molecule coordinates
Cd d = 1,2,...in computer memory consistent with a fast method for referring
to the coordinates corresponding to a given cell.

The list is arranged in such a way that

Cl ... C l
Nii

are in cell 1,
CNI+I .. N2

are in cell 2, etc. The numbers NI are stored in an auxiliary li3t called MAP.
The basic operations which must be performed on this list are

(1) Removal of a molecule, and
(2) Addition of a molecule.

(1) '"o remove C, where N;) - < 4 < Ni., store C.N in place of C, + in
place of CNL etc. until the end of the list is reached.

(2). To insert coordinates C into cell i we make room for it by storing
the first molecule of each cell in*the location following the last molecule,
starting froa the end and going up to cell i + 1. This leaves location N. + 1
for C.

Of course, in each case MAP is updated to reflect the new configuration.

It is clear that a simple transfer of molecule from one cell to another
does not require the operations to'go to the end of the coordinate list. A
time saving procedure to accomplish this task is incorporated into the program.

§10. SIMULATING AN ACTUAL EXPERIMENT

The program takes the limiting mean centreline jet velocity to be 1. All
other velocities are given in terms of it. The simulator geometry must be
similar (in the geometric sense) to the real geometry, but the units are
arbitrary. Once the velocity and the distance unit are fixed, the time unit
is automatically determined. Since we are mostly concerned with the steady
state we do not even need to compare computed times with real times except
in the initial approach to the steady state. . .

SThe remaining parameter that .'ust be assigned is the cross section density
A at some reference point . the flow which we have chosen to be the skimmer
orifice assuming perfect skimming. A has units of reciprocal length, in fact
it is just a iraltiple of l/mean free path. Thus Ad, where d is the skimmer
orifice diameter is dimensionless, and we give it the same value in the
simulator as it 'has in the experiment.

Though bhis prescription is simple, it has its problems, not the least



being that the hard sphere croas section of real molect'les depends on their
relative velocity, The best we can do is to use, some sort of average reLative
velocity. The realtive velocity of the bream and the molecules coming off the
skimmer wall is a good candidate because :his is when most of the collisions
take place.

§11. OUTPUT FORMAT

The output from each run contains the following information (see Appendix
2).

(1) A printout of DT and MAP fox each interval DTM for chezking
purposes.

k2) A flow density profile at the skimmer orifize as well as a
total particie flow rate.

(3) A flow density profile at the far downstream end of the
flowfield as well as the total particle flow rate through
the geometrical beam area. This last figure is useful in
estimating the centreline beam intensity

(4) Histograms for the integrated distribution function profiles
ffdvdw, Jfdwdu, Sfdudv for each cell.

The distribution function is broken down into the distributi..;n function
of the molecules which have not undergone collision in the xlowfieid and the
remainder. The mean velocity, mean square velocity, and mean number of moiecules
are also given along with a theoretical comparison number for no skimmer inter-
action. The histograms are obtained by ti.me averaging regular obzezvations of
the flowfield for the duration of the computation after equiibrium is reached

RESULTS

A simulator program such as tnls one should be v2.ewed rather ix an
experimental facility sLitabie for investigating a range oi probiems connected
with the sAimmer. We deszribe here tne results of a study oi sx:rmmer interaztion.

A preliminary study was done to checK a modei proposed by Fferzn %5) suggesting
a signifizant interaction downstream of the skimmer oriii,.e. This was done in a
program which preceeded the present one by making the d-wnstream ,ximmer wail
absorbing. No downstream effect was observed. A checK of the distribution funct.oas
in the present study supports this con.±usion.

In fact this study shows that the skimmer interaction i6 caused by a screen
of molecules origInating from the wall and from collisions extending approximately
one mean free path upstream o3ithe skimmer orifize Tne 6upporting mater a- fo:
this conclusion is contained in the foilowing grapns and tabhe

Table i shows the cases computed in this study.

Fig. i defines the geometric variables in the program aaia Pig.c ' L. 6ive

the specific geometries used in the cai:ulatini.

Table 2 shows condition near the skimmer wali foi an assý;tment of cases.
.t is most significant that for al! but the sharpest sk.,mmer ,angie6 50-, 41,
the flow is subsonic. We suspect there is always a subsoni2 reglon c1,6 to

I • .. . . .. . . .. . . . .. . . . . .. . . . . .. . . . . . .. . . . .. .
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the skimmer wall which is very thin for small angles but grows rapidly as
the angle increases. Also the surface interaction with the skimmer plays
ýa ignifýcaat role, since case 23 (ACCOM = a) gives a high Mach number even

for a blunt skimmer. .

Fig. 5 shows the ,mass flow rate through the skimmer orifice vs A in
terms of the theoretical no interaction value. ,The mass flow is less than
one in all cases computed but shows a tendenpy to go to 1 in' the c6ld
skimmer and no lip caees.

Fig., 6 shows beam intensity vs A. The importance of the skimmer lip;
sharpness is l•ere clearly indicated. The skimmer angle seems' to have less
effect than the skimm=br temperature. Though the general shape of the exper-
imental beam intensity vs Knudsen' number curves is evident, our results do'
not show tecreases. in intensity as strong qs those in (3] for instance. ,

Figs. 7, 8 show maas flow and beam intensity vs "various parameters. It
is most intereqting that an inorease in PRES which leads 0to a decrease in the,
number of molecules entering the flowfield through the outer upstream bqtMdary
leads to a decreaseh mass flow but no significdnt change in beam intensity.
Furtliermore,,a low accommodation coefficient gil'es high values in both graphs.

/ I -

Figs. 9, 10 were obtained by smoothing the histogram~s produced by the
program. It is cl4ar that a Knudsen number of 1/2 (A = ) leAds to more or
less complete destruction of the beadi by skimmer interaction.

Figs. 11, 12 show clearly a sharp increase of molecules hiving a broad
distribution function and infi~ltrati••. the beam region between Knudsen numbers
1/2 andl. 1 - , ,

Fipally.a note on #he standard "deviation of .he results. The beam intensity
and mass flow curves have a relative st'andard deviation of between 3% and 5%.
It follows from tHe theory of Monte Carlo simulators -that the probabillity distri-
bution of each valkie obtained is normal,.. Accuracy is expensive, in these calcul-
ations. A foi.rf6ld increase .n computihg time would cut. the. standard. deviation
in 'half.

II

I I II

I
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'TABLE 1

CASES COMPUTED

CHbIACTERISING PAROM RS COMMfoENTS
A SI- CR, PRES ACCOM .THLIP ' GEOM

I 0.5 0.' 1. 1. . 0.5 0.1i '3 Sharp skimmer

"2 .1. 0.1 1. 1. 0:'5 0. 1 3
3 2. 0,1 1. 1. 0*-5 0W 1 3.0 v. 01 I. . 0'.'5 0" 1 3,

5 2. 0.1 1 2 0.5 0.1 1 Effect of PIRES
6 2. 0.1 1. 1.5 0.5 0.1 1
7 2. .0.1 1.: 0.75 0!5' 0.1 1
8 2., 0.1 1. 0.5 0.5 0.1 ,
9 2. o.o546 1. 1.- 0.5 :0.1 1 High mach number

10 1. 0.1 1. 2. 0"`•5 0..I 1 Absorbing walls
11 0.5 0.1; 0.5 1 -- 0.5 0..1 1 Cold skimmer series'
12 1. ' 0.1 0.5 1. 0.5 0.1
13 2. 0.1 0.5 1. 0.5 0o.1
1 14. q.I 0.5 1. 0.5 0.1 1.
!1i 0.5 0.1 ,1. 1. 0.5 0.1 1 Standard series
16, 1.0 0.1 1. 1. 0.5 0.1 1 'blunt skimmer
17 2.0 0.1 1. 1. 0.5 0.1 1
18 4.O" oi., 1. i. 0.5 0.1 1

' '19 0.5 0.1 1. 1. 0.5 0.0 1 Perfect edge.
20 1.0 0.1 1. 1. 0.5 0.0 1
21 12.0 0.1 1. l1.' 0.5 0.0 1
22 4.o 0.1 ' 1 i 1, 065 0.0 i
23 2. 0.1 1. 1. 0. 0.1 1 Effects of surface
,24 2. 0.1 . 1. 1. 0.1,' 1 interaction
25 0.5 0.1 1. 1. 0.5 0.1 2 Intermediate angle

* 26 1. .0.1 1 1. 0.5 0.1 2

2? 2. 0.1 l.: 1. 0.5' 0.1 2
• •8 . 14. o.1 .1. f!. 0.5 0.1 2

Notes A vp Knudsen numbdr Kn

A 05 1 2 4'
Kn; 14 2 1 0.5

SIA, CR, PRES, ACCOM, THLIP are expla3Lned in Appendix

GEC.4 3., 2, 3"are shown in Figs. 1, 2, 3 respectively.

,. .; : -
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TABLE 2

CONDITIONS IN FRONT OF SKIrOER

CELL 14 CELL 15

Caste Mean Speed Mach# Mean Speed Mach # Inclination

15 0.55 o.64 0.51 0. 55 0.83
18 0.52 0.79 0.34 o..0. .44 0.69

5 0.62 0.88 0.48 0.57 0.52
8 0.33 1.44 0.28 0.34 0.73
1 0.80 1.4 0.72 1.2 0.28
4 0.86 2.1 o.71 1. 0.32

23 0.87 2.2 0.75 2.3 0.62
25 0.68 1.0 0.60 0.82 o.43
28 0.71 1.3 0.53 0.73 0.47
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FIG. 5 MASS FLOW THROUGH SKIMMER UNDER VARIOUS CONDITIONS
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FIG. W' 14AS3 FLOW THROUGH SKIMMER VS OTHER PARAMETERS
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FIG. 8BEAM INTENSITY VS OTHER PARAM4ETERS
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FIG. 9 FLUX DENISITY AT SKI?'VFR ORIFICE (GEOM.2)
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COMMENTS

A. The Variablea

Common Area, Purose

/RCRD/ Storogel area for beam and orifice profile histograms.
BPRFL and HPRFL resp. DBPR and DHPR are the widths of the
histogram celis in each case.

"/GEOM/ Geometri c'al defirtion of the flow field - see Fig.

iNPRFL/ For internal;use in the program to save computer time in
the introduction of molecules through the input plane.

/CONS/ CU is the total number of molecules entering the floe field
I through tle input plane 'per unit time, SIA is the speed

ratio,,in the, jet, dR is a speed defining the temperature
.of the skimmer walls, ACCOM is the accommodation zoefficient,
PRES is related to the pressure on~the upstream outer
boundary,'CLWT'is the list containing the cell weights,,
TdONS ii the list of time advance per collision constants
for the cells. The-remiaining variables'are for internal
use of the program to save recomputing frequently used
numbers. They are initially computed in SETUP.

/BEGIN/ BE and ýG are initial values fdr the sequencing variables
uf thle radom number generator6. A is the cross section
density at the 'ori•ice, and NST is ,starting number ci
simulator molecules in the flbw'field.

/TIME/ T - Accumulated time variable for the program.
DT - Weighted time per iteration (DT-DTM).
DTM - Preset time allowance per iteration.
TEQ - Value of T for which equilibrium is assumed to have

been achieved.
TEND - Valueof T At which computation ceases and output

is begun.

Tne remaining variables were ndt actually ad in this
piogramJ,

/STORE/ NCL is t~henumber of cells, MCP = 500O0• and MAP is for
purposes of referencIng the llist of molecules. The
iemaining var~iables in this common area constitute the
molecular !is t.

/HIST/ Storage area for the histpgrams FU etz; CFU et-; the
mean velocity vectors for each cell - UB etz. and tnc
mean square velocity vector for each U" UUB -
CORG c5 unts -he number of molecules in each ceil which have
undergone more than one collision.

/SW/ Cdntains :cntro1 parameters for the data :oilection operation.

-2



A1-2
/RAND/ Contains the sequencing parameters for the random number

generators.

/VARS/ Temporary storage area for one molecule to save address
computation time while the molecule is being processed.

B. Subroutines

MAIN This program is used to set up the cases. Each call to PROG constitutes
the computation of one case.

BLOCK DATA Used to assign values to variables which are common to the computation

of many cases.

FROG Control program for the computation of one case.

SETUP Computes variables not assigned in MAIN or BLOCK DATA and performs all
the initialization necessary to begin computation of a case.

VPOL Computes cell volumes and cell masses for the undisturbed free jet.

INPR Sets up an array used to obtain the input profile by interpolation.

LOC Function which computes the cell containing the coordinates (x,y). LOC
works by computing a word IX which has 0 or 1 in the k-th bit depending
on which side of the k-th boundary (x,y) is found. Then IX is compared
with a standard ordered list (MASK, lDFR).

COLI Collision increment for cell L.

SQM Estimates the maximum relative velocity in a given cell.

TRBKP "Translate and Book-keep". This subroutine essentially controls
computation of the convection increment.

INVES Computes the cell number L of the M-Th molecule in the molecule list.

UP, DOWN Used in inserting, deleting or moving molecules in the molecule
list.

TRS, TR Transfer of coordinates.

FRP Checks a given molecule for collision with boundaries and it moves it
a distance appropriate to the time DT.

TRANS Changes coordinates of a given molecule appropriate to the time interval
IT.

LCHK Checks whether collision occurs with a given boundary.

EMIT Emits a fully accommodated molecule in the direction C,S.

REFL Reflects a molecule in the direction C,S.

INPUT Introduces CU and DT molecules through the input plane on the basis
of the input profile defined by FNPR, DFNPR.



A1-3

CBSPL Cubic Spline interpolation subroutine.
TABU Controls the accumulation of histograms and moments of the distribution

function.

FIT Inserts molecule at cell L.

SIFT Auxiliary subroutine to accumulate histograms.

INTR See 55.

RANDG Standard normal random number generator.

RANDL Uniform on (0,1] random. number generator.

RANDR Uniform on [-1,11.

UMAX Finds the maximum element in an array.

ISGN ISGN(X) = 1 if x :- 0)
0 otherwise

DUMP. Controls the output function of the program.

BAR Sets up one histogram bar for printing.

HISTi Sets up one histogram for printing.

HIST3 Sets up and prints the 3 x 3 histogram describing the distribution
function in cell L.
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Typic~a Outvut

Iýote: 'The'"Histogr~ms for cell. - "is done for each of the 25 ciells.
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li APPENDIX 3

No Interaction Beam Intensity

te We derive here a formula for the beam intensity at points close 'to
S~the skimmer.

Let .D be the nbzzle skimmer distange,, L be the skimmer-observati'on
point distance and b be the .skimmer radius, Consider a particle in the
skim~ier orifice plane at' pQsition (r cos 0, r sin e) whose velocity has a
probability density ,function pr6portional to

2 2 2 2exP-7 (u-1). + (v-r qos e/D) + (w-r sin e/D) ]/c

That is, the dean velocity vector points in the direction

(1, r cos 6, r sin e) '
D D :

The impact position of the particle on the plane 'normal to the axis distance
dL ownstream of the skimmer then has probability distribution

1 21
ed Lc [(x-arlcos"e) + (y-tr cosa e,) ]

U where L +h If the flux through the orifice'is 0 particles per unit area then
the flux through the point x y is

b 2T I ,12 *2,

0L(x~y) = 0f bordr. fo2 de 1 1 Y 2[Cxdr cbs e) 2+ Cdr sin*e2) 2
0 o 2 2 e [c

L cir I
This integral is mossy in general, but if we ask orily for the centreline

flux (x = y = o) we obtain

b 21T 1 12 2'2
:0 ='f rdr I dO - e ic) u rLo , o Le2

-which one can easily evaluate to obtain

0L. (r+D)2(-ecJH+)
- I

L- -


