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THERMAL MANAGEMENT FOR LLNL/UC/SSRL BENDING MAGNET FOR BEAMLINE VIII 
AT STANFORD SYNCHROTRON RADIATION LABORATORY 

BY: Eric Berglin, Lawrence Livermore National Laboratory 
and 

Francis C. Younger, Brobeck Corporation 

INTRODUCTION 
This report, covering the thermal management for Beamline VIII at SSRL 

attempts to catalog all the important heat loads on the elements of this 
beamline. The principal elements are identified and their heat loads tabulat­
ed for various loading scenarios. The expected heat loads are those from 
normal operations including the anticipated performance improvements planned 
for the SPEAR ring and from abnormal operations due to positional perturba­
tions of the electron beam. The perturbations seen at Beamline VIII will be 
extremely small when the storage ring is operated in the dedicated mode but 
may be fairly large for operation in the parasitic mode or for accidental 
steering errors. When these perturbations are significant, the synchrotron 
light will be offset slightly from its normal position causing some off-axis 
rays to strike regions normally shadowed by the beam masks. Thus, some 
regions which receive little or no heat loading under normal operation, can 
receive significant heating during abnormal operation. 

The layout beara for Beamlir.o VIII is shovjn in Figure 1, It is divided 
into two main paths for different experimental purposes in addition to a 
third path used primarily for beam monitoring. The two main paths are dis­
tinguished by the proportional amount of Beam assigned to each and by the 
portion of the energy spectrum they utilize. One path is designated as the 
VUV line because it utilizes a portion of the spectrum of the vacuum ultra­
violet region from 8 eV to 185 eV. The other is the SXR line, which utilizes 
a portion of the spectrum in the soft x-ray region from 60 to U n n eV. 
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SYNCHROTRON RADIATION POWER 

The SPEftR storage r ing synchrotron rad ia t ion tha t i s of concern fo r Bearfline 

V I I I i s produced in a bending magnet and comes out along a l i ne tangent to 

the path which the electrons traverses in the bending magnet. Since the 

bending magnets in the SPEAR r ing bend the electron beam through an angle of 

about 10°, the rad ia t ion comes out in a fan wi th a hor izontal spread of about 

10° (175 mr). Beamline V I I I w i l l be al located about 23 mr of t h i s fan , for 

which 12 mr w i l l be d i rected to the VUV l i n e and 5 mr w i l l be directed to the 

5XR Jine, 0.7 w i l l be used for beam monitor ing. The remaining 5.3 mr of the 

avai lable fan width w i l l be l os t as heat on trie masks and shields under normal 

operating condi t ions. The rad ia t ion fan has a f a i r l y Targe hor izontal spread, 

but a very narrow ve r t i ca l spread. Host of the beam power w i l l reside w i th in 

a ve r t i ca l opening ha l f angle, fl, equal to 1/y , where Y I S equal to the 

e lect ron t o t a l energy divided by i t s rest energy ( y= E/mc^). 

The rad ia t ion power in the fan from a bending magnet i s found from the 

fo l lowing equation-.(1) 

Q = 88.47 x E 4 x I U/mr 

p 2 JT 

Where (E) is the electron energy in GeV, PI'S the bending radius of curvature 

in meters and I is the beam current in amps. 

(1) All computations of radiation power and distributions, spectral and spac-
ial, are based on equations from "Properties of Synchrotron Radiation" by 
Herman Winick. Programs for calculations and plotting results are by the 
authors. Appendix I gives all calculational methods with appropriate 
equations. 
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The radiat ion covers a wide spectrum of wavelengths. The spectral 

ti:stribvition are shown r̂» Figures 2 and 3 for 3.0 GeV and 3.7 GeM respec t ive ly . 

The c r i t i c a l wavelength and c r i t i c a l energy is found from 

X c = 5.59 P/E3 and E c = .002218 E 3 / p 

Where A. i s the c r i t i c a l wave length in Angstroms, P is the bend radius 

i n meters, E is the electron energy in GeV, and £ c i s the c r i t i c a l energy. 

Half of the integrated power occurs at wavelengths longer than the c r i t i c a l 

value and half at shorter wavelengths. Figures 4 and 5 show the integrated 

power. The photon energy at the 50% point i s the value corresponding to the 

c r i t i c a l wavelength. 

For the VUV l i n e , the wavelengths for photon energies of in teres t (8 to 

185 eV) are longer than 65 S.. From Figures 4 and 5, i t can be seen tha t 

less than 2% of the radiated power is in t h i s port ion of the spectrum although 

a large number of low energy photon w i l l be ava i lab le . For the soft x-ray 

l i ne with a maximum photon energy of 1100 eV (wavelength = 11.3 X), the 

avai lable power at 3.0 GeV is less than 13% of the t o ta l power. At 3.7 GeV\ 

the c r i t i c a l wavelength i s much shorter and the percent of to ta l power that 

i s avai lable at wavelengths longer than 11.3 & drop to less thar, 6% of the 

t o t a l power. C lear ly , a large percent of the rad ia t ion powar is not in the 

long wavelength port ion of the spectrum used experimentally in Beamline V I I I 

and must be dissipated as heat. A large percent of t h i s heat w i l l be d i s s i ­

pated on the masks and f i r s t m i r ro rs ( 2 ) (M0 and M0 1 ) . 

For the SPEAR storage r i n g , the magnetic radius is 12.7 meters. The beam 

energy and current are variables that depend upon the operating condi t ions. 

The avai lable RF power to the r ing l im i t s the beam energy for a given beam 

TTj Detailed calculat ions of mirror cooling and thermal d i s t o r t i o n is cover-
ed i n "Thermal Loading Considerations for Synchrotron Radiation M i r ro rs , " 
F.R. Holdener, pt a l , UCRL-94155, March 1986. 
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current. For our purposes, two maximum heat load conditions are analyzed. 
One is for a 3.0 GeV electron beam at a current of 200 tnA, The other is for 
3.7 GeV at 100 mft. Both of these conditions are for expected future improve­
ment and lead to heat loads more than double that for the present dedicated 
mode of operations at 3.0 GeV. The total radiation power, half angles, and 
critical energy are tabulated in Table 1 for both these conditions. The 
vertical dispersions are illustrated in Figures 6 and 7, which show that the 
power intensity integrated over all wavelengths is approximately a Gaussian 
distribution and that about 85% of the total energy lies within the vertical 
opening angle (2/Y). It is also clear that about 15% lies outside this angle. 

The vertical dispersion shown is dependent upon electron energy and also 
upon the photon energy. The vertical dispersion is much less for short wave­
lengths than for long wavelengths. The greater vertical dispersion which 
occurs at the long wavelengths requires that the VUV beamline have .riuch great­
er vertical aperture than is needed for the SXR beamline. The vertical dis­
persions for the VUV and SXR beamlines are shown in Figures 8 and 9 respect­
ively. For the VUV line at the 9.4 eV photon energy shown, 90% of this energy 
lies within an opening angle of - 1.5 mr. At higher photon energy, the 
angle rapidly decreases. At 94 eV, 90% of the energy is within - 0.7 mr. 
To capture a very large fraction of the photons in the VUV energy range from 
8 to 185 eV, a vertical aperture of 3 mr is provided. 

For the SXR line, the energy range of interest is from 60 to linn eV. 
For this energy range, a vertical aperture of 1.5 inr permits a very large 
fraction of the photons to be captured. At 60 eV, for example, about 8S% of 
the photon lie within a vertical angle of ± 0.75 mr. At 1100 eV, 90% lies 
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TABLE 1 

OPERATING CONDITIONS 

Present With 
Dedicated Expected 
Operation Improvements 

CASE A B 

Beam Energy, GeV 3.0 3.0 3.7 

Beam Current, mA 100 200 100 

Photon Power, Watt/mr 8.98 17.96 20.78 

Vert ical Opening Half Angle ,170 .170 .138 
(_L)> rar 

7 

C r i t i c a l Energy, eV - : 4719 4719 8852 

C r i t i c a l wavelength, X 2.627 2.627 1.401 
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within an angle of * 0.3 mr. A vertical aperture of 1.5 mr is provided for 
the SXR. 
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ENERGY DISTRIBUTION 

The port ion of the synchrotron rad ia t ion fan from the bending magnet 

assigned to Beamline V I I I w i l l be al located to three branches, one for sof t 

x-rays (SXR), another for vacuum u l t r a - v i o l e t (VUV), and the last for the 

beam posi t ion monitor (PH). The nominal a l l oca t ion of the beam fo r these 

paths in terms of horizontal fan angle and ver t i ca l divergence is shown in 

f i gu re 10, The actual f r ac t i on of the photon beam going to each path i s 

contro l led by a series of masks and res t r i c t i ons in the beamline. The 

effectiveness of these masks and res t r i c t i ons is to some extent dependent 

upon the electron energy and the locat ion of the electron o r b i t in the storage 

r i n g . 

A par t i cu la r locat ion of the o r b i t w i th in the bending magnet is used to 

define the source po in t . For various operating scenarios, the electron o r b i t 

may deviate s l i g h t l y from the referenced o r b i t . Normally, t h i s deviat ion is 

very small (•*) n o t exceeding a few mi l l imeters hor izonta l ly or v e r t i c a l l y . How­

ever, for the worst case scenarios, the source may be displaced hor izonta l ly 

by as much as i 10 mm and v e r t i c a l l y by as much as * 6 mm. Moreover, a 

ver t i ca l angular error as great as ± 0,8 mr may occur. I t may be assumed 

that the combined ver t i ca l o f fse t and angle may be represented by an e l l i pse 

in ver t i ca l phase space. (At the source, the e l l i pse w i l l have semi-ax.es 

a = 6 mm and b = 0,8 mr.) 

The horizontal beamline fan i s i l l u s t r a t e d in Figure 1 1 , where the source 

i s represented as a point on the l e f t and the various res t r i c t i ons and nasks 

are shown along the beamline. The transverse scale is exaggerated to show 

fT5 Normal operational var ia t ion in pos i t ion is - 3.0 ram hor izonta l l y and 
t 1.0 ran v e r t i c a l l y . The ver t i ca l betatron angle is less than 0.05 nr . 
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BML VIII BEAM ALLOTMENT 
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the restrictions more clearly. Also shown in the figure is the worst case 
horizontal offset of the source. 

In the normal operating mode, the girder crotch restriction cast a 
shadow ori the edges of the fixed mask, at A.78 meters and this mask in turn 
shadows edges of the 6.5 meter mask and the edges of the MO mirror tank mask 
at 8.765 meters. When the source is offset from its reference point, the 
shadows are also displaced. In the Norst case horizontal offset, the photon 
beam hits the mask in areas that are normally protected by shadows. Tin's 
changes the heat loading on the masks. The fixed mask at 4-.7R meters and the 
6.5 meters mask have an increase in heat load as a result of a horizontal 
offset of the electron orbit. The heat load on the MO mirror tank mask 
decreases slightly when the source point is displaced horizontally. 

Vertical steering errors which change the vertical position of the 
electron orbit in the storage ring may produce a combination of a vertical 
uffset and a vertical angular error in the photon beam. This error at the 
source may be represented by an ellipse in vertical phase space. At the 
source, the light rays have {y, y') coordinates. As the rays travel down the 
beamline toward the various mirrors, their y coordinates change but their y' 
values do not. The new y (y n) value is found from 

y n = y + Ly' 
where L is the drift distance. 

Applying this equation to various points in the phase ellipse shows that 
the greatest vertical offset at the MO mirror tank mask (L = 8765mm) occurs 
for the ray with source coordinates y = 3.9 mm and y' = .608 mr. For this 
displacement, almost all of the photon energy allocated to the SXR and PM 

-19-



lines is deposited on the HO mirror tank mask as heat. There is only a 
negligible change in the heat deposited on the girder crotch, fixed mask, and 
6.5 meter mask as a result of any expected vertical steering errors. 

The results of various calculations of heat loading and energy trans­
mission through the various masks and restrictions are summarized in Table 2. 
Two electron energy conditions are shown, and for each of these, the normal 
orbit position and the worst case source offset positions are given. 

The worst case heat lonH on the MO mirror tank mask occurs when the MO 
mirror is retracted. 
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TABLE 2 THEJWAL LOADS OW MASi.-iS 
Condition A B 
Electron Energy, SeV o.0 3.7 
Current, mA 2C0. 100. 
Radiation Power, W/mr 17.76 20.78 
Birdsr Crotch 
Opening Angle, mr 2.'.6 25.6 
Transmitted Powar, W 42J..1? 490.4 

Fixed Mask (4.7B m) 
Opening Angle, mr 2.>, 1 25,1 
Transmitted Power, W 414.9 480.0 
heat Absorbed (an-a«is beam), W "7.0 10.4 
Heat Absorbed (o-f-f-axis beam), W 17.0 IV. 7 

Movable MasT: 
Heat Absorbed, W 414.9 430.0 

A. 5 Meter Mast: 
O p e n i n g A n g l e , mr 2 3 . 1 2 i , 1 
T r ^ n s / r i i t i e d P o w e r , W 4 1 4 . ^ 4 B 0 . 0 
H e a t A b s o r b e d (or>-a;< i s b e a m ) , W '.-'. 0,. 
H e a t A b s o r b e d ( o f - f - a K i s b e a m ) , w ^ . 6 1 1 . 1 

M0 M i r r o r Mask 
O p e n i n g A n g l e , mr 1 2 . 3 6 12.o<£> 
T r a n s m i t t e d P o w e r , W 2 2 2 , 0 : : b 6 , i i 
I n t e r c e p t A n g l e , mr 1 . 1 8 1 . 1 S 
r i e a t A b s o r b e d , W 2 1 . ~ 2 4 . i 

M0 Mirror Tank Mask 
Opening Angle for S"R, »r 5,76 5,7a 
Transitu t ted Power, W X03.4 llv',7 
Opening Angle for PM, mr .723 .725 
Transmitted Po^er, W l'i-0 
Heat Absorbed Con-a:-i is beam), W 55.2 
Heat Absorbed(horiz. displ.), W rr.i.5 
Heat Absorbed(vert, displ.), W 159.7 loi,'? 
Heat Absorbed (NO retracted, W 403.0 471.--

VUV line 
M0 Mirror Incident Power, W 24-1". 3 2d 1 . 4 

SXR line 
•M0' Mirror Incident Power, W 30"i.4 119,7 

FM line 
Incident Power, W 

id, i 
a-Z . 8 
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HEAT LOADS ON MIRRORS 

The masks act to shadow the edges of mirrors and all uncooled components 
to reduce the stray reflected light. As such, the masks also act to limit 
the portion of the energy striking the surface of the mirrors. Only a small 
percent of the energy falling upon the first mirrors is reflected; while a 
large percent is absorbed as heat. The amount reflected is, of course, 
dependent upon the reflectivity of the mirror surface. Thi_ reflectivity is 
shown for the platinum surface coating in Figure 12. Clearly, the reflectiv­
ity is a function of photon energy (wavelength) and of the angle of incidence. 
An angle can be selected ta give a "fall off" in reflectivity above a parti­
cular value of photon energy. 

For the VUV line, an angle of incidence of 6 degrees (100 mr) was select­
ed to give a significant cutoff above 200 eV. For the SXR line, an angle of 
incidence of 2.5 degrees (44 mr) was selected to give a large drop in refecti-
vity above 1.5 keV. 

Combining the reflectivity characteristic and the spectral power distri­
bution, a curve of reflected power vs photon energy can be obtained. Inte­
grating this curve gives the total power reflected from the iiiirror. The 
difference between the incident and reflected power gives the heat input to 
the mirror. Figures 13, 14, 15, and 16 show the integrated percent of power 
reflected as a function of energy for the first mirrors of the VUV and SXR 
lines at two different electron energy levels. The shallow angle (2.5°) SXR 
reflects a much higher percent of the incident energy as would be expected. 
Increasing the electron beam energy from 3.0 GeV to 3.7 GeV decreases the 
percent of power reflected because of the changes in the radiation spectrum 
gives much more high energy (short wavelength) radiation. This high energy 
radiation is not reflected. 
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The second mirror (Ml) in the VUV line has the same reflectivity and 
angle of incidence as the first [tiirror. However, most of the photon striking 
this mirror are at low energy due to the filtering action of the first mirror. 
As a result, a larger percent of the light striking this mirror is reflected. 
The Ml mirror acts as a second filter and has the effect of sharpening th»; 

energy cutoff. 
Figure 17 shows the accumulated reflected power vs energy for the Ml 

mirror. It can be noted that about 75% of the reflected power is in the 
spectral range of interest (8 to 185 eV). 

The total power incident, reflected, and absorbed on the MO, Ml, and m-

prime mirror is summarized in Table 3. The longitudinal distribution of this 
energy on the first mirrors (MO and HO-prime) can be easily deduced from 
values previously shown in Figures 6 and 7. A good approximation for the 
longitudinal distribution on Ml can be obtained by using the curve for 188 eV 
(Figure 8 ) . 
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TABLE 3 HcSr LUAUrf QFI fURh.QKi 

C o n d i t i o n 
Electron Energy, !3eV 
Current. mPi 
Radiation Power, W/mr 

A 
3. 0 

200. 
17,96 

Mirror MO 
Incident Energy, In 
Ke-fl acted Energy, percale 
Reflected Energy, W 
Hsat Ab-scrbsd, W 

4.66 
:i 7.::. 

M i r r o r MO-a r i •ne 
Incident Energy, W 
Re-flected Energy, percent 
R=rlect«d Energy, W 
Heat Absorbed, W 

10 j. 4 
V. 0 

9̂'-. 1 

Mirror Ml 
Incident Energy, W 
Reflected Enersy, perc 
Re-flected Energy, W 
Hsst Absorbed, W 

•J. 6 6 
4 J- • 4 
2 . Oli 

T o r o i d a l G r a t i n g (VUV) 
I n c i d e n t E n s r g , , W 
R s f l s c t s d E n e r g y , pe . 
Hsrat a b s o r b e d . W 

6 0 

M i r r o r |>J2 
Incident Energy, W 
Re-fl acted Energy, per: 
Heat Absorbed, W 

3GM <SXR) 
Incident Energy , W 
Reflected Energ/, pert 
Heat Absorbed, W 

60, 
4, 

Mirror ME-prime 
Incident Energy, W 
Reflected Energy, percent 
Heat Absorbed, W 

so. 
i. t 
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HEAT TRANSFER REQUIREMENTS 

The total amount of heat to be removed from any element is not ve.ry 
great, but the local heat density can be fairly high where the heam strikes 
normal to the surface. For example, at the edges of the fixed mask, the 
worst case heat load is only 19.7W, but 50? Of this heat is deposited in a 
region 3.4 mm wide by 0.55 mm high. This gives a local heat flux of 622 
W/cm^ at the edge of the fixed mask.* A material with a g c d thermal conduct­
ivity is needed to aid in the removal of this heat by water flowing in cooling 
channels. 

Because the heat transfer areas in the water cooling passages in the 
various elements are quite small, high heat transfer coefficients or large 
temperature differentials are required to obtain the desired heat transfer 
rates. To achieve the high heat transfer coefficients, large Reynolds number 

(Re) in the range from 2300 to 18000 are needed. The temperature rise in the 
water at the required flow rates is less than 10°F. The pressure drops assoc­
iated with these high Reynolds numbers are very small (less than one psi) 
because the flow passages are very short. 

Table 4 summarizes the required flow rates, Reynolds numbers, and heat 
transfer coefficients for an assumed temperature differential between the 
water and the wall of lCF. The valjes are based on thermal and kinematic 
properties of water at 70*F. Most of the flow and thermal factors are comput­
ed on the assumption of turbulent flow, i.e. Re greater than 2100. As can be 
seen in the Table, several elements with low heat input have low Re which 
would indicate laminar flow. For these elements, laminar flow equations were 
used to calculate heat transfer coefficients and flow friction factors. 
* To put a heat flux of 522 W/cm' in perspective, a black-body radiator with 
this heat flux would be at 3100°K. This is approximately the temperature 
of a tungsten filament. 
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TABLE 4 , 

1-11 M I HUH LUULlNb WA I L I ; KLI-.'U .1 KEMLN1 S FUK BbAML I ML V I I 1 

COOLANT PRUPfcT.TiLtJ V I B C . " 0 . 0 1 0 Is-

uLLMLN'l B 
IN tCAI'ILIIME 

I llnVi 
I NPUT 
Wrt I I B 

W M I L U 
FLOW 
GPM 

UOOLINO l-LUW 
TUlit: He. No. 

D1A. I N . NUN-DIM 

WtJKCii CALL HEAl LOADS 

0 . 3 3 0 DEL T» 10 .00 

HEA'I IULIL FR1C. 
TRANS. LENGTH FACTOR 
LOLI . REt!. IN NON-DIM 

Pi- = 6. 85 

PRES. TEMP. 
DROP RISE 
P81 DES I-

i.) 

I:IXEB HAUK 1 
TIUVADLE MASK * 49 
o.S lITEIi MASK 1 
BLAMB I UPI'ER A 
r.-EAHS TUPPER 13 o. 
HO MIRROR *.< I1ASK1 1U1. 
i-IO MIRROR i: nAtils.2 ion. 
I'ilKRUR TANK MASK 1/1. 
MO' MIRROR %. MASK 114. 
BHUI ILK VUV 4. 
CXR MASK .1.19. 
LiMUT ILK BXR *•* 1 J.9. 
BXR BEAMS TOPPER 1 W . 
I'M ULAMSTUPPER 13. 

9. / 
0.4 
I. 1 

n 

.0270 

. UljOO 

.0100 

. OoOO 

. OOUO 

. 6300 

. 0300 

. 3o00 

. 3790 

.0040 

0.1300 

0.430 
0.27/ 
0.430 
0. OOO 
O. 000 
0. 123 
0.123 
0. ISO 
0.277 
0.277 
0.404 
0.2/7 
O. 40O 
0. 1 70 

190. 
17111. 

73. 

2067. 
141. 

1B372. 

-1b. 
2346. 

2765. 
2708. 

4 71. 70 
1937.72 

43. 46 
0. 00 
0. 00 

102U.68 
134.60 

1321.27 
644.66 
87. 90 

271.OH 
'.-i34. 71 

739. Sal 

10. OO 
2.06 
8.33 
0. 00 
O. 00 
,i. 86 
S.66 

12. 9B 
10.01 
3.02 
.17.1 0 
12.64 
13.00 
l.Ufcl 

o. oao-3 
0.0069 
0.217/ 
0.0000 
0.OOOO 
0.0112 
0.1133 
0.0068 
0.0100 
0.3.106 
0.011ft 
0.0106 
0.0113 
0.0113 

0.0001.3 
0.12051 
o.ooooe 
0.00000 
0.00000 
0.08460 
0.00436 
0.17824 
0.04730 
0.00005 
0.01065 
0.0O790 
0.00970 
0.01602 

4.902 
1. 116 
7.5S0 
0. 000 
0.000 
1. 906 
13.536 
1.287 
2.039 
0.024 
2.725 
2.725 
2. 333 
0.687 

i. MOVABLE MASK USES TWO PARALLEL PATHC AND MEEDS A IEMP DIFF 01- 25 
I-IO MIRROR g. MABK1 IB THE ,IItiH HEAT REGION WITH FOUR PARALLEL PATHS 
MO MIRROR V. MA3K2 IB THE LOW HEAT REGION WITH TEN PARALLEL PATHS 
** BI-IUI ItR SXR DDWNBIREAN 01- MASK HAS ONLY 9.3 WATTS. 

FOR HEAT TRANS. 
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AI;MYI ICAL mucins 

SYKCHROTRON RADIATION CALCULATIONS 

Al l r ad ia t i on power d i s t r i bu t i ons were calculated using equations from 

"Propert ies of Synchrotron Radiat ion" by Herman 1,'inick. 

The to ta l rad ia t i on power is obtained from the referenced equation M 

PfkW) = SS.47EV//I = LdiABE'l (1) 

Vhere Energy EmCcV 

Current ' in amperes 

Radius p ^ m « « s 

To obtain power per rad ian , we d iv ide by 2 " 

The c r i t i c a l wavelength and c r i t i c a l energy i s found f ron the reference 

equation #9 
J,(A) = 5JPp/£J 

(2) 
ii(keV) = 2^ISEJ/p 

The spectral d i s t r i b u t i o n of power which were shown in Figures 2 and 3 were 

calculated using the reference equation Pit 

P(X) = 1.421 x lD->»£ Cib')T~ 7%

t A n x . Tor all * (3) 

p A sec mA (mrad 0) v 

Where y = E/mt? = 1557 x 10J£(GeV) 

y = Kl* = It, 

G0(j.)=f KM[n)dn 

i 

The J 0 (y) values are tabulated in the reference. 

The accumulative power for Figures 4 and 5- are ca lcu la ted by numerical 

i n t e g r a t i o n of the power spectrum obtained from equation * ( 3 ) . 
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The power dist< i!i:ii nur. i . i th i s*-\ ve t to the v i - r t i ca l angles shown in 

Figures. 6 and 7 were c alt ul.it < -d u\.im; the rc-ference i-"4<iution ' 1 0 . 

W O ^ ' f r ' U ' • ^ J s ' : [ l + ^ r ^ ] ^ T (4) 
1° P [ 7 l+X 2 Js re rad 

Where X = Y * , and 

if'is the angle between the d i r e c t i o n of photon emission and the ins tan­

taneous o r b i t a l p lane. 

The d i s t r i b u t i o n curve vias numerical ly integrated to obta in the accumu­

la t i ve power. 

The ve r t i ca l d i s t r i b u t i o n at spec i f i c photon wavelengths shown in 

Figures 8 and 9 were ca lcua l ted using the reference equation #6. 

^*.0-5S»£&)V(i + x.J 

Z = ;,[1 + X J 1 " / ^ and 
K,,3 and Klr3 are modified Bcssc] functions of the second kind. 

The value of these Bessel funct ions are tabulated in the reference, but 

for the calculat ions fo r Figures 8 and 9, i c was more convenient to represent 

these functions by power ser ies using re lat ionships from "Electromagnetic 

Theory" by Ernst Webber. The values from the series ca l cu l a t i on agree w i th 

the tabulated values over the range of i n t e r e s t . 
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KtAT TKANSFER CALCUfii iO:i'. 

The ca lcu la t ion i>f l i c i t t rans fer coef f ic ien ts and flew cha rac te r i s t i c s 

were calculated using cji.'.it i"ns f rw i "Keat Transnission" by W. H, r'cAdaras, 

Second Ed i t i on , and "Heat and Mass Transfer," E.R.G. Eckert and R. H. Drake, 

1959. 

"The convection heat t r a n s f e r coe f f i c ien ts fo r turbu lent f low (Reynolds 

nurcber greater than 2U1Q) are found from Eckert & Brake, Pg. 211. 

Nil, = 0.02^3(T{e^)',•^Pr)0, (6) 

V.'here n<v = — = Reynolds number - Dinensionless 

?i = jr ~ Prandtl number - Diraensionless 

Nu, = ~ * Nusselt number - Dinensionless 

The heat t ransfer c o e f f i c i e n t fo r laminar f low (Reynolds number less than 

2100) i s found from McAdams equat ion 19, Pg. 190. 

Where v i s the v i scos i t y a t the average bulk tenperature and IJ , i s the 

v iscos i t y at the average temperature of the ins ide surface of the tube, and 

D/l_ i s the tube diameter to length r a t i o . 

The prandtl number, v i s c o s i t y , n and the thermal conduc t i v i t y , k , fo r 

water are found from tabulated values. 
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APPENDIX: TABLE OF VARIOUS BESSEL FUNCTIONS AND INTEGRALS a.b-

' * '•, .LI r., ,0} f:d>. 0) <V.>) 

0 KOI 

'•, .LI 

1<!1 * i 4171 + J 97J 
OKJ1 I M l i H'7J(, 1 OJO + 5 2.910 + 4 2116 
c o o : M I K (•tt't 4JJ4 + 4 I.IJ5 + 4 133.6 
0.CO4 10376 <: <?i 1412 + 4 45S1 + 1 £3 49 
0.006 tV7S i :5W 7.233 4 3 . 1677 + 3 . CJ29 
o.oos . E I lb 2t E:O 4 ill + 3 1.SI7+J 5152 
0.010 7.<S6 ami 3CS7 + 3 1 3 4 3 + J 4450 
0 0 2 0 5,781 I44!S 9.723 + 2 5-335+2 2736 
0X130 4.932 I1J017 4 5 « + 2 3 096 + 2 20 45 
0.040 4JSS 9057 3061 + 2 1102 + 1 16.57 
0D5O 3.991 7.762 1110 + 2 1.555+2 1403 
OJ060 3.6S3 6 i j 7 1.556 + 2 U I 4 + 2 1112 
0.070 3.437 6.136 1.203 + 2 9S37 10.85 
o.oso 3231 55(1 9615 SI 54 9.777 
0O90 3054 5.1 JO 79.05 69.69 8505 
0.100 1900 4.7SJ 64.7.7 60 JS 8.182 
0.150 134J 3.513 3357 34.15 5i32 
OJOO 1579 2.S02 20.65 2159 4517 
OJJO 1.714 2329 14.14 16.26 3.&5J 
OJQO 1509 1557 10.34 1234 3059 
0350 U « 1.71S 7S1S 9.713 7M1 
0.400 1.206 1.517 6163 7.850 1225 
0.450 I.S09 1347 5.0S2 6.474 1571 
0500 9.890 - 1 1105 4105 5.424 1.742 
0550 9.011 - 1 1.03* 3J>C 4.602 1349 
0600 8 1 5 1 - 1 9.E2B-1 3.009 3547 13S6 
0.650 7371 - 1 8533 - 1 15E9 3.4M 1146 
0.700 6 . 9 5 5 - 1 u « - t 1149 1975 1.126 
0750 6.422 - I 7 .455 -1 1567 1610 1O20 
0800 5532 - 1 6 . 8 3 9 - 1 1.733 2-302 9 l £ Q - t 
0J5D S.4S9 - t 6 2 8 8 - 1 1.535 1040 S.465 - 1 
D500 J0S6 - I S.794 -- 1 1367 1816 7.740 - 1 
ICO 4 J S 4 - 1 4545 - 1 1.093 1.454 6514 - 1 
135 1 0 7 9 - J 3 . 4 0 6 - 1 6.712 - 1 8 - 7 7 1 - 1 4JS9 - 1 
150 7 - 2 0 2 - 1 1 4 0 2 - 1 4337 - 1 5457 - 1 3 . 0 0 4 - 1 
1.75 1594 - 1 1.722-1 2 5 0 6 - 1 3.642 - 1 1 1 1 3 - 1 
2JTJ0 U 6 S - 1 I14S - 1 1 5 9 ! - 1 2 . 4 4 5 - 1 1508 - I 
225 S J S 1 - 2 9 . 1 3 2 - 2 1 . 3 9 9 - 1 1.672 - I 1.029 - 1 
3-50 S 3 5 4 - 2 6 . 7 2 6 - 2 9541 - 2 1 .160-1 7526 - 2 
2.15 4 . 7 1 7 - 1 4 3 8 1 - I 1.142 - 2 8 . 1 4 5 - 2 S i l l - 2 
3.00 3 5 3 1 - 2 " 3 .7D6-2 5 . 1 7 S - 2 5 . 7 7 2 - 2 4 1 8 6 - 2 
315 1 6 4 5 - 2 2 . 7 6 7 - 2 3.7S1 - 2 4 . 1 2 3 - 2 3 . 1 7 5 - 2 
1 3 0 1 5 S S - 2 2 . 0 7 3 - 2 2 . 7 7 S - 2 1 9 6 4 - 2 2 3 6 2 - 2 
J.75 1 .497-2" 1 5 3 8 - 2 1051 - 2 1 1 4 4 - 2 1 . 7 6 4 - 2 
4X0 1.130 - 2 U 7 3 - 2 1.521 - 2 1J5S - 2 1 3 2 1 - 2 
AH 8 5 4 5 - ) 8153 - 1 1 . 1 3 2 - 2 1.138 - 2 9 5 1 5 - 3 
4 5 0 * 472 - J 6 693 - 3 S.455 - 3 SJJS - 3 7.461 - 3 
4.75 .4.909 - 4 5 J O W - 3 6J32 - 3 6 1 3 2 - 3 5.626 - 3 
i .00 3 . 7 2 9 - 1 2 S 4 4 - 3 4.754 - 3 4423 - 3 4 1 5 0 - 3 
5 5 0 2.159 - 1 2 . 2 2 0 - 3 2697 - 3 2 « ! - - 3 2.436 - 3 
too 1-255 - J I1E7 - 3 1 5 4 1 - 3 1373 - J 1.494 - 3 
6 5 0 7317 - 4 2.495 - 4 S.E55 - 4 7.659 - 4 £ . 1 3 ) - 4 
7.00 4 U 0 - 4 4 J76 - 4 5 . 1 1 3 - 4 4 1 9 9 - 4 3 T 4 2 - 4 
7.50 2,509 - 4 1 S H - 4 2 . 9 S S - 4 1476 - 4 2.7S5 - 4 
SCO 1.474 - 4 1 5 0 4 - 4 J . 7 2 5 - 4 1 3 7 6 - 4 1 . 6 1 1 - 4 
8 5 0 8.679 - i £ « 2 - S 1 .C07-4 7 .£37 - 5 9.439 - 5 
9XJ0 5 . I I S - S 5 2 0 9 - 5 5 . E 9 0 - S 4 4S0 - 5 -' 5543 - 5 
9 5 0 3 . 0 2 3 - 5 3 . 0 7 3 - 5 3 . 4 5 4 - 5 2 - 5 6 9 - 5 3262 - 5 

10.00 I.7E7 - 5 1 1 1 6 - 5 1 0 3 0 - 5 1.478 - 5 1 5 2 2 - 5 

* G. K-GsKn. £N1. P.tpon 5052190fp (1977); BNL Report 50595. Vol I) (I977> 
'The (KKilIi: 01 Ei^livc numVa- IbllUuinE Ihr nun-.rrirsl viluss tcprJMnU paven of l a 
(c.£. 6.652 n 6 icprescu 6.652 x 10*). 
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