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A B S T R A C T 

Monte Carlo calculations have been performed to obtain estimates 

of the background gas pressure and molecular number density as a function 

of position in the PDX-prototype neutral beam injector which has undergone 

testing at the Oak Ridge National Laboratory. Estimates of these quan-

tities together with the transient and steady-state energy deposition and 

molecular capture rates on the cryopanels of the cryocondensation pumps 

and the molecular escape rate from the injector were obtained utilizing 

a detailed geometric model of the neutral beam injector. The molecular 

flow calculations were performed using an existing Monte Carlo radiation 

transport code which was modified slightly to monitor the energy of the 

background gas molecules. The credibility of these calculations is 

demonstrated by the excellent agreement between the calculated and experi-

mentally measured background gas pressure in front of the beamline calori-

meter located in the downstream drift region of the injector. The use-

fulness of the calculational method as a design tool is illustrated by 

a comparison of the integrated beamline molecular density over the drift 

region of the injector for three modes of cryopump operation. 

v 
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I. INTRODUCTION 

The overall performance of the neutral beam Injectors that are used to 

inject high energy deuterons into the plasma of fusion reactors is heavily 

dependent on the behavior of the cold background gas molecules in the 

injector. In a typical neutral beam injector, hydrogen or deuterium ions 

are produced in a plasma generator and accelerated to high energy through 

a set of apertured grids into a region of cold background gas of suffi-

cient density to cause charge exchange interactions. The high energy 

neutral produced in these charge exchange interactions with the low energy 

background gas molecules must then travel distances of a few meters or 

more before entering the plasma of a fusion reactor. During this latter 

period of hot neutral flight, the density of the background gas along the 

beam path must be sufficiently low that re-ionization is minimized. 

The minimization of downstream ionization losses is accomplished by 

employing cryocondensation pumps to maintain average background gas pres-
-4 

sures in the range of 10 torr or lower. The design of the cryopumps, 

their size, and their locations relative to the various beamline components 

can significantly affect the background gas pressure as a function of 

position in the injector. In the past, because of the expense and difficulty 

of the experimentation, it has not been possible to systematically study 

the effects of changes in pump design, size and location. In this paper, 

Monte Carlo methods are employed to perform molecular flow calculations in 

neutral beam injectors, and it is shown that such calculations can be used 

to provide design information, e.g., pressure and number density as func-

tions of position that could previously be obtained, only with great diffi-

culty, if at <L1. The validity of the calculated results is demonstrated 
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by comparisons with experimental data. 

The geometric models and calculational procedures employed are des-

cribed in some detail in Section II. In Section III the results are 

presented and discussed. 

II. CALCULATIONAL DETAILS 

Neutral Beam Injector Model 

The molecular flow calculations were performed using the Monte Carlo 

radiation transport code MORSE.^ The geometric model employed in these 

calculations consisted of a fairly detailed representation of the PDX-
(2) 

prototype neutral beam injector which has undergone testing at the 

Oak Ridge National Laboratory. The various components of the beamline 

were modeled using the combinatorial geometry routines contained in the 

MORSE code package. These components, which included the neutralizer tube, 

ion bending magnet and beam dump, calorimeter and the cryopump assemblies, 

are illustrated in Fig. 1. The illustrations were produced by means of (3) 
the JUNEBUG graphics package using the actual geometry data input to 

the MORSE Monte Carlo code. The calorimeter is shown in the monitoring 

or beam calibration position in Fig. 1. Unless otherwise noted, in the 

Monte Carlo calculations the calorimeter was actually positioned in the 

upper portion of the drift chamber which is out of the beam path. 

The beamline vacuum enclosure is approximately 1.8 m in height, 

1.0 m in width and 1.8 m long. The height, width, and length of the 

drift chambex are approximately 1.4x1.0x1.0 m, respectively. The neu-

tralizer tube has an inside radius of 0.14 m and a total length of 

1.40 m of which 0.40 m lies outside of the beamline vacuum enclosure. 
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Injector Three-Dimensional Geometric Model. 
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Combining this length with the lengths of the beamline vacuum enclosure 

and drift chamber yields a total beamline length from the source grid 

plates to the exit of the drift chamber of 3.21 m. The cryopanels in both 

the beamline cryopump and drift chamber cryopump are approximately 0.55 m 

wide. The drift chamber cryopanels have a height of 0.99 m whereas the 

beamline cryopanels have a height of 1.76 m. These measurements yie.d 
2 

total cryocondensation areas of 3.85 and 2.17 m for the beamline and 

drift chamber cryopumps, respectively. 

The details of a cryopump chamber and a typical liquid nitrogen-cooled 

chevron are given in Fig. 2. The cryopump assemblies which consist of the 

chevrons, coolant tubes, end caps and baffles, and the cryocondensation (4) 
panels were for the most part modeled after a UTRC cryopump design. 

Modifications to UTRC design were made to facilitate the modeling. These 

modifications consisted of replacing the coolant manifolds above and below 

the cryopanels and chevrons with single plates which sealed the top and 

bottom of each cryopump assembly and removing the cryopanel coolant tubes 

which allowed each cryopanel to be modeled as a 1.5 mm thick flat plate. 

In all of the Monte Carlo calculations, a surface temperature of 

4.2°K was imposed upon the liquid helium-cooled cryopanels. The surface 

temperature of the liquid nitrogen-cooled chevrons, cryopump top, bottom, 

and end plates, and the liquid nitrogen coolant tubes was assumed to be 

77°K. The ion bending magnet, beam dump, calorimeter, neutralizer tube, 

beamline vacuum enclosure, and drift chamber are normally water-cooled. 

The surfaces of these components were thus assumed to be at a room tempera-

ture of 293°K. 
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Method of Calculation 

In a typical neutral beam injector, cold background gas pressures 

are in the range of 10 torr or lower. At these gas pressures, the 

molecular mean free path within the gas is comparable or much larger than 

the distances between the components within the injector. The number of 

molecule-molecule interactions is small compared to the number of molecules 

striking the surfaces of the injector components, thus the behavior or 

flight path of an individual molecule does not depend on the behavior of 

other molecules. For this reason, the Monte Carlo method in which molecule 

flight paths and interactions are independently sampled is ideally suited 

to molecular flow simulation. 

The molecular flow calculations performed here required a few modifi-

cations to the MORSE radiation transport code. Since molecular interactions 

predominantly occur only at the surfaces of the components within a neutral 

beam injector, a number of internal boundary conditions were incorporated 

into an existing external boundary condition routine. The major boundary 

condition imposed upon the component surfaces utilized the assumption of 

molecular roughness. Molecules striking these surfaces were reflected 

independent of their incident direction according to the cosine law.^"^ 

The angular distribution per unit solid angle uf the molecules coming off 

the surface was thus taken to be proportional to the cosine of the angle 

between their direction and the outward normal of the surface. 

The change in the kinetic energy of each molecule due to a surface 

collision was accounted for u s i n g ^ 

AE. = E. - e; = a(E.-E ) (1) X I X X w 
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where E.̂  and E^ represent the kinetic energy of the molecule before and 

after the collision, respectively, and Ew represents the mean kinetic 

energy per molecule of the molecules in a gas in thermal equilibrium at 

the surface temperature. If Tw is the surface temperature, then Ew is 

simply given by 

where k is the Boltzmann constant, i.e., gas constant for one molecule. 

The proportionality constant a is the surface accommodation coefficient. 

It represents the fractional extent to which the molecules in a gas 

striking > mrface have their mean energy adjusted toward the mean energy 

of the molecules in a gas at the surface temperature. Strictly speaking, 

Eq. (1) holds for a stream of molecules. However, in the Monte Carlo 

calculations, the kinetic energy of an individual molecule was assumed to 

be representative of the mean kinetic energy of all the molecules in a gas 

at a given temperature. Thus, Eq. (1) was employed to monitor the energy 

history of each individual molecule. 

The background gas molecular number densities and pressures at 

selected locations throughout the neutral beam injector were obtained from 

Monte Carle track length calculations. For any specified volume element, 

V, the track length per unit time, each molecule makes in passing 

through the volume was calculated and the average molecular number density 

was obtained from 

E = 3kT /2 w w (2 ) 

N = I C^/v^/V 
i i' i (3) 

where v. is the speed of a molecule of mass m, i.e • , 
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v± = m ± / m ) 1 1 2 , (4) 

and — is the residence time per unit time of molecule i in the volume V. 
i 

The average background gas pressure within the element of volume was ob-

tained using 

P = 2NK/3 (5) 

where K represents the mean translatory kinetic energy of the molecules 

within volume V and N is defined by Eq. (3). The mean kinetic energy was 

determined by weighting the kinetic energy of each molecule with its resi-

dence time, i.e., 

I. I. 
K = I E./E . (6) 

i i i i 

The removal of molecules from the neutral beam injector by the cryo-

pumps was simulated by imposing a sticking coefficient or capture proba-

bility on the cryocondensation panels. If a molecule sticks to a cryo-

panel, its kinetic energy was assumed to be reduced to that corresponding 

to the cryopanel temperature. The energy deposition rate per captured 

molecule was thus determined from 

E, - <E. - Ec) (7) 

where E corresponds to the mean kinetic energy of the molecules in a gas c 
in thermal equilibrium at the cryopanel temperature. The molecules that 

did not stick to a cryopanel were assumed to emerge at angles equally 

distributed within ± 10° of 75° from the panel normal. This angular dis-

tribution represents an empirical scattering law found for surfaces which 

are below the condensation temperature of the incoming gas. ̂  The energy 

deposited per molecule emerging from a cryopanel was calculated using 
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Eq. (1) with E c replacing Ew> 

The initial kinetic energy of each molecule in the Monte Carlo calcu-

lations was taken to be the mean molecular kinetic energy of a gas in 

thermal equilibrium at the background gas inlet temperature. Thus, for 

an inlet temperature of T, the initial kinetic energy of each molecule 

is given by Eq. (2) with T substituted for T . Since the major portion w 
of the background gas enters the injector from the ion gas cell through 

the ion grid plate, a fairly high inlet background gas temperature of 

1000°K was assumed. The background gas source was placed at the entrance 

of the neutralizer tube and the actual starting location of each molecule 

was determined by sampling uniformly over the tube entrance. The initial 

directions were obtained by sampling from a cosine distribution about the 

entrance normal. Unless otherwise noted, a capture probability of 1.0 was 

imposed upon all cryopanels and all surface accommodation coefficients 

were assumed to be 1.0. Although these coefficients are typically around 

0.5 for clean surfaces, they tend toward unity for contaminated surfaces 

and it was assumed that the upper limit was more appropriate for the 

surfaces within the neutral beam injector. 

In all of the Monte Carlo calculations utilizing the full beamline 

geometry, i.e., excluding the chevron transmission coefficient calculations, 

the various responses were obtained employing 10 batches of 100 molecules. 

Batches were employed simply to obtain batch statistics. In general, each 

calculation, i.e., 1000 molecular histories, required approximately 50 

min. of IBM OS 360/91 central processor time. 
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III. DISCUSSION OF RESULTS 

Transient Calculations 

The Impulse responses of the number of molecules captured on the 

beamline cryopump cryopanels and of the number of molecules escaping from 

the beamline are shown in Fig. 3 for the normal operating configuration 

of the PDX-prototype neutral beam injector In this configuration, the 

drift chamber cryopump is not in the beamline. The impulse responses 

yield the molecular capture and escape rates when the background gas is 

represented by an impulse source, i.e., all molecules enter the injector 

at time zero. The number of molecular captures or escapes per unit time 

were obtained using forty time bins or intervals having a constant width 

of 2.5 ms. 

The impulse responses in Fig. 3 were generated for hydrogen background 

gas. Both responses! rapidly increase from time zero, peak at approximately 

11.5 ms, and sharply decay to essentially zero at 65 ms. For deuterium 

background gas, the corresponding responses may be obtained by expanding 

the time scale by 1.41, i.e., the /2, since the velocity of each type of 

molecule is inversely proportional to the square root of its mass at a 

fixed kinetic energy. Thus, the time required for a deuterium molecule 

to traverse a given flight path and contribute to a response would be 

1.41 times larger than the time required for a hydrogen molecule to travel 

the equivalent distance if both molecules had the same kinetic energy. 

The statistical uncertainty, i.e., one standard deviation, associated 

with the Monte Carlo calculations is denoted in Fig. 3 by the error bars 

on some of the data points. In general, the fractional standard deviations 
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on the capture response data points ranged between 15% for those points 

near the peak of the response to 40% for those points at the end of the 

response. The statistical uncertainty for corresponding data points in 

the escape response ranged between 30 and 70%. The solid and dashed curves 

in Fig. 3 are included only to guide the eye and do not represent fits to 

the calculated data. 

The transient response of the molecular capture rate on the cryopanels 

corresponding to the capture impulse response presented above together 

with the transient capture rate for two additional modes of cryopump 

operation are shown in Fig. 4. The transient responses were generated 

by convoluting a step input source, i.e., a hydrogen background gas source 

rate of one torr#-£*s ^ for all times greater than zero, with the appropriate 
(9) 

impulse response. For this type of source, the transient response at 

time t results directly from integrating its corresponding impulse response 

through time t. 

The three modes of cryopump operation denoted in Fig. 4 consist of 

1) beamline cryopump operational with chevrons, 2) beamline cryopump 

operational without chevrons, and 3) both the beamline and drift chamber 

cryopumps operational with chevrons. As noted above, the first mode repre-

sents the normal operating configuration of the PDX-prototype beamline. 

The second and third modes of cryopump operation were chosen to compare 

the transient effects associated with a drastic alteration in the beam-

line cryopump design to increase its pumping speed and the transient 

effects associated with the addition of a second cryopump in the drift 

region of the injector. In both the first and second modes of cryopump 

operation, the drift chamber cryopump is not in the beamline. 
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During the initial portion of the transients, the removal of the 

chevrons from the beamline cryopump results in a greater increase in 

capture rate than the addition of the drift chamber cryopump. However, 

after 40 ms, the capture rate with both cryopumps present surpasses the 

capture rate associated with the removal of the beamline cryopump chevrons. 

As steady state operation is approached, i.e., at approximately 70 ms, 

the capture rates for all three modes of cryopump operation are 0.83, 

0.87, and 0.94 torr'^'s"^, respectively. The removal of the chevrons from 

the beamline cryopump thus resulted in an overall increase in molecular 

capture rate of less than 5% whereas the addition of the drift chamber 

cryopump resulted in more than a 13% increase. 

The transient response of the energy deposition rates on the cryo-

panels for the first and third modes of cryopump operation behave essen-

tially the same as the corresponding capture responses. However, there is 

a substantial difference in the relative magnitude when the chevrons are 

removed from the beamline cryopump. The energy deposition rates at 70 ms 

for the three modes of cryopump operation are 45, 158, and 51 mW, respec-

tively. The increase due to the addition of the second cryopump is approxi-

mately 13%. This is equivalent to the increase in capture rate since the 

energy deposition rate is simply proportional to the number of molecules 

pumped from the system for these modes of operation. On the other hand, 

the large increase in energy deposition rate brought about by the removal 

of the chevrons is due to the higher kinetic energy of the background gas 

molecules reaching the cryopanel. In fact, the ratio of the energy depo-

sition rates with and without the chevrons, i.e., 0.28, is very close to 

the ratio of the mean molecular kinetic energies of a gas at the chevron 

temperature to one at room temperature. 
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Comparison With Experiment 

The calculated pressure distribution along the beam centerline corre-

sponding to an actual hydrogen background gas flow test configuration of 

the PDX-prototype beamline is presented in Fig. 5. In this configuration, 

the calorimeter in the drift chamber was positioned in the beam path as 

illustrated in Fig. lb in Section II and the exit of the drift chamber was 

closed. The background gas flow entering the neutralizer tube was measured 

to be 12.49 torr«£*s"^ at a room temperature of 293°K. The flow conditions 

within the injector were maintained using only the beamline cryopump, 

i.e., the normal mode of cryopump operation. Since the exit of the drift 

chamber was closed, the capture rate on the beamline cryopvmp cryopanels 

was equal to background gas inlet flow rate. 

For comparison purposes, the calculated pressure distribution corre-

sponding to the normal operating configuration is also presented in Fig. 5. 

Although the inlet temperature of the background gas was assumed to be 

1000°K. in this mode of operation, the pressure distribution for this con-

figuration was also normalized to 12.49 torr»£'s_1 at 293°K. The only 

major difference between the two distributions occurs in the drift region, 

i.e., 1.8 m to the end of the beamline, where the pressure is substantially 

higher due to the closure of the drift chamber exit. The slight difference 

in the distributions within the neutralizer tube, i.e., from 0.0 to 1.2 m, 

is due to the difference in inlet background bas temperatures. Because of 

this temperature difference, the mean molecular kinetic energy of the 

molecules entering the beamline in the normal mode of operation is higher 

which leads to a higher pressure in the neutralizer tube. 
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A comparison of the measured and calculated pressures at four vertical 

positions in the mouth of the V-shaped calorimeter is presented in the 

insert in Fig. 5. The first calculated dawa point is located at a distan 

of 2.36 m from the ion source grids, i.e., entrance of the neutralizer 

tube, along the beam centerline. The other three data points were calcu-

lated at positions located directly above this horizontal position. The 

measured pressure was determined using a movable nude ion gauge and is 
-4 

denoted by the constant value of 1.25x10 torr since there was no dis-

cernable change in the ion gauge reading as a function of vertical position. 

The dotted lines represent a possible uncertainty limit of 25% on the ion 

gauge measurement. More than likely, this uncertainty limit is optimistic 

since ion gauge measurements are somewhat suspect in this pressure range. 

However, even with this uncertainty, the calculated data points all lie 

within the band indicated by the dotted lines. The error bars on the cal-

culated pressures result directly from the Monte Carlo calculations and 

represent one standard deviation. 

Steady State Calculations 

The steady state molecular density and pressure distributions as a 

function of distance from the ion source grids along the beam centerline 

are presented in Fig. 6 for the three modes of cryopump operation des-

cribed previously. The scoring volumes employed to obtain these distri^ 

butions were centered about the beam centerline. Each volume was sized 

and oriented to yield average molecular densities and pressures over an 

area of 0.01 m perpendicular to the beam centerline. The fractional 

standard deviations on the calculated molecular densities and pressures 

associated with the Monte Carlo estimates varied between approximately 
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5% on those data points near the source to approximately 15% on those 

data points near the exit of the drift chamber. 

As illustrated in Fig. 6, both the molecular densities and pressures 

within the neutralizer tube, i.e., from 0.0 to 1.2 m, are virtually 

identical for all three modes of cryopump operation. However, both the 

removal of the chevrons from the beamline cryopump and the addition of 

the drift chamber cryopump produce substantial decreases in the distri-

butions after the magnet region, i.e., from 1.8 m to the exit of the 

drift chamber. In fact, at the drift chamber exit, the removal of the 

chevrons causes an approximate 20% reduction in both the background gas 

pressure and molecular density and the addition of the drift chamber 

cryopump produces more than a 60% decrease in pressure and more than a 

40% decrease in density. 

Although the reductions in background gas pressure and molecular 

density are significant at the drift chamber exit, a more important 

measure of injector performance is the integrated beamline molecular 

density over the drift region of the injector since the downstream re-

ionization losses are a function of this quantity. In fact, if the pro-

duct of the integrated beamline molecular density and the re-ionization 

microscopic cross section is sufficiently small, i.e., much less than one, 

the downstream re-ionization losses are directly proportional to the 

downstream integrated molecular density. 

For the case when the beamline cryopump only is in normal operation, 
17 -2 i.e., with its chevrons, the integrated density is 1.45x10 m . Removal 

17 -2 of the chevrons lowers the integrated density to 1.30x10 m and the 
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—17 —2 

addition of the drift chamber cryopump lowers it to 1.09x10 m . Thus, 

the second cryopump produces a 25% reduction in re-ionization loss whereas 

the drastic design change to the beamline cryopump only produces a 10% 

reduction. 
The integrated beamline pressures over the drift region of the injector 

—6 —6 

for the three modes of cryopump operation are 4.25xl0~ , 3.79xl0~ and 

2.59x10 ^ torr'm, respectively. These values reflect a 10% decrease with 

the removal of the chevrons and a 39% decrease with the addition of the 

drift chamber cryopump. The greater reduction in integrated pressure, 

i.e., 39% versus the 25% reduction in integrated density, with the addition 

of the second cryopump is due to a reduction in the effective temperature 

of the gas in the drift chamber. 

The effective gas temperature in the drift chamber may be estimated 

by dividing the integrated pressures by the integrated molecular densi-

ties. This procedure yields an integrated mean molecular kinetic energy 

which in turn yields an effective gas temperature (see Eqs. (2) and (5) 

in Section II). With only the beamline cryopump operational, the effective 

gas temperature in the drift chamber is approximately 282°K with or without 

chevrons. When the drift chamber cryopump is placed in the injector, the 

effective temperature drops to approximately 228°K since the kinetic 

energies of the molecules are reduced by the 77°K chevrons in the drift 

chamber cryopump. The significance of the temperature decrease is that 

the integrated pressure does not yield a true estimate of the reduction 

in reionization losses. 
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In addition to the background gas input to the injector at the 

entrance of the neutralizer tube, background gas is also generated due to 

leakage from the tokamak and due to ion impingement on the ion beam dump. 

The importance of the additional background gas sources is illustrated 

by the beamline molecular densities presented in Fig. 7. These results 

were obtained by placing sources at the neutralizer tube entrance, drift 

chamber exit, and at the ion beam dump. Each curve in Fig. 7 corresponds 

to the molecular density due to a hydrogen background gas source strength 

of one torr»£*s at the respective source location when both the beamline 

and drift chamber cryopumps are operational. 

The integrated beamline molecular density over the drift region of 

the injector due to the main source of background gas at the entrance of 
17 -2 

the neutralizer tube is 1.09x10 m as reported above. The corre-

sponding values due to the source at the entrance to the tokamak, i.e., 

drift chamber exit, and due to the source at the ion beam dump are 
1 7 9 1FT —9 2.31x10 m and 9.86x10 m , respectively. In terms of re-ionization 

losses, the background gas leaking into the beamline from the tokamak is 

twice as important as the main background gas source and the background 

gas generated at the ion beam dump is equal in importance per unit of * 

•input flow rate. Fortunately, there is very little leakage from the 

tokamak and the nominal amount of background gas due to ion impingement 

on the ion beam dump is on the order of 15% of the main background gas 

source s t r e n g t h . T h u s , the total integrated molecular densities due 17 -2 

to all three gas sources is approximately 1.25x10 m which represents 

only a 15% increase. 
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Fig. 7. Calculated Background Gas Molecular Density Along Beam 
Centerline for Three Sources of Background Gas. 
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The behavior of the steady state molecular capture and energy depo-

sition rates as a function of cryopanel sticking coefficient with only 

the beamline cryopump operational is shown in Fig. 8. The fractional 

standard deviations on the Monte Carlo calculated data points varied 

between 3 and 5% and are denoted by the error bars. The calculated cap-

ture rates do not vary significantly whereas the energy deposition rates 

increase fairly rapidly as the cryopanel sticking coefficient is reduced. 

The increase in energy deposition rate is due to the increasing number 

of molecules that do not stick to the 4°K cryopanel. These low kinetic 

energy molecules collide with a 77°K chevron which increases their kinetic 

energy and return to the cryopanel to deposit more energy. 

The behavior of the capture and energy deposition rates as a function 

of cryopanel sticking coefficient may also be obtained analytically. If 

t represents the chevron transmission probability and 3 represents the 

cryopanel sticking coefficient, then 1-0 is the fraction of molecules 

incident on the cryopanel which do not stick to the cryopanel and (1-3) 

(1-t) is the fraction of these molecules which collide with the chevrons 

and return to the cryopanel. The fraction of molecules having undergone 

n collisions with both the cryopanel and the chevrons and returning to 

the cryopanel is thus [(1-3)(1-t)]n. The total number of molecular colli-

sions on the cryopanel per molecule entering the cryopump is obtained by 

summing over all collisions, i.e., 

oo 
N = I [(1-3) (1-t)] n (8) 

n=0 

which reduces to 

N = [frt-t-Bt] -1 (9) 
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The total number of molecules captured on the cryopanel per molecule 

entering the cryopump is given by the product of the cryopanel sticking 

coefficient and the number of molecular collisions, i.e., 

C = BtB+t-Bt]"1 . (10) 

The chevron transmission coefficient, t, for the cryopumps in the 

PDX-prototype beamline was estimated by performing two separate Monte 

Carlo calculations. In these calculations, one side of a single cryopump 

chamber was modeled and molecules were sampled uniformly over a large 

plane which was placed parallel to the cryopanel. With the cryopanel 

sticking coefficient set equal to one, the ratio of the capture rate with 

chevrons to the capture rate without chevrons represents the probability 

that a molecule entering the cryopump will pass through the chevrons and 

be absorbed on the crypanel. Since the chevron transmission coefficient 

represents the probability that a molecule entering the cryopump will 

simply pass through the chevrons, the ratio of the capture rates should 

provide a reasonable estimate of t. The capture rates with and without 

the chevrons were calculated to be 0.096±0.007 and 0.624±0.014, respectively, 

which yields an estimated transmission coefficient of 0.154±0.012. 

The solid curves in Fig. 8 represent Eqs. (9) and (10). The relative 

magnitudes of each curve, i.e., the normalization constants C^ and C^, 

were determined from least square fits to the Monte Carlo calculated data 

points. The calculated and analytically estimated energy deposition rates 

agree fairly well whereas the calculated capture rates do not decrease as 

rapidly as predicted by Eq. (10). More than likely, this disagreement in 
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Fig. 8. Calculated Capture and Energy Deposition Rates as a 
Function of Cryopanel Sticking Coefficient. 
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the behavior of the capture rates is due to statistics since the analyti-

cally estimated decrease in capture rate over the entire range of cryo-

panel sticking coefficient is less than 10%. 

IV. SUMMARY AND CONCLUSIONS 

The calculated results presented above indicate the versatility of 

the Monte Carlo method as a means o£ simulating background gas flow con-

ditions in a neutral beam injector. In particular, the pressure and 

molecular number density comparison for the three modes of cryopump 

operation readily display the usefulness of the type of calculations per-

formed here. The removal of the chevrons from the beamline cryopump 

yields probably the greatest possible increase in pump speed yet only pro-

duces a 10% decrease in th<j drift region molecular density. On the other 

hand, the addition of the drift chamber cryopump caused a 25% decrease. 

Using these results, the beamline designer can more readily assess the 

merits of improving one cryopump or simply adding a second cryopump. In 

addition, the designer can base his decisions on the results of a calcula-

tional method demonstrated to be credible as illustrated by the excellent 

agreement between the measured and calculated pressure in front of the 

calorimeter. 
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