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THERMAL PROBLEMS ON HIGH FLUX BEAM LINES*

Robert T. Avery
Lawrence Berkeley Laboratory
University of California
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Abstract

Wiggler and undulator magnets can provide very intense photon flux
densities to beam 1line components. This paper addresses some
thermal/materials consequences due to such impingement.

The LBL/Exxon/SSRL hybrid-wiggler Beam Line Vil now nearing operation
will be able to provide up to v 7 kW of total photon power at planned SPEAR
operating conditions. The first masks are located at 6.5 meters from the
source and may receive a peak power density (transverse to the beanm)
exceeding 20 kW/cm2. Significantly, this heat transfer rate exceeds that
radiated from the sun's surface (7 kW/cmz) and is comparable to that of
welding torches. Clearly, cooling and configuration are of critical
importance. Configurations for the first fixed mask, the movable mask, and
the pivot mask on this beam line are presented together with considerations
of thermal stress fatigue and of heat transfer by conduction to
_ water—cooling circuits. Some preliminary information on heating of
crystals and mirrors is also presented.

For the future, many additional intense wiggler/undulator beam 1lines
are contemplated at several storage rings. The design of these beamlines
would be enhanced by faster and more accurate computational techniques.
LBL is developing a computer code which will be capable of giving photon
power densities onto impinged surfaces for a wide range of source and beam
line parameters. These include electron beam energy, current, emittance
and orbit deviations; wiggler/undulator length, period and magnetic field;
photon energy and angular distribution; reflection/absorption at
intermediate impinged surfaces; defining apertures and focusing by
mirrors. Three-dimensional computer programs for temperature, stress and
strain have been available for some years but "user friendly"” versions are
being sought. Other items to pursue are also suggested.

*This work was supported by the Director, Office of Energy Research, Office
of High Energy and Nuclear Physics, Nuclear Science Division, U.S.
Department of Energy under Contract Number DE-AC03-76SF00098.



1. Int:pduction

This paper addresses some of the thermal and material problems
associated with intense synchrotron radiation from wiggler/undulator
magnets striking downstream components. It particularly addresses such

-effects on the LBL/Exxon/SSRL Beam Line VI now nearing operation.

Synchrotron radiation power levels to be encountered on new
wiggler/undulator beamlines generally are much greater than forvbend-magnet
beam lines. An exception is the high power densities encountered at the
"crotch” of bend—magnet ports, solutions for which have Been previously
described 2,3 and which will not be.consiAéred further here.

The construction configurati&ns and analytical methods'describéd herein
should be viewed as progress and not as ultimate best solutions. Iime and
monéy restrictions ha§e ﬁot permitted more sophisticated analysis nor
investigation of further alternative metﬁodsvof construction.

Nevertheless, it appears that the Beam”Line VI components discussed herein
should fully satisfy their design ériteria.

2. Wiggler/Undulator Photon Power Intensities

The total synchrotron radiation power emanating from a
wiggler/undulator magnet has been given by Browh, Halbach, Harris and
Winick 4 in practical units as

P[W] = 1.27 E2 [GeVz] <B2 [Tz] >L[mm] I [A] | | (1)
with the average taken over the length L. For an N-pole device, the peak
power along the scannéq direction integrated over>the full range of
vertical opening angles was given as |

P' [W/mrad] = 4.33 B__[T] £3 [Gev3] I [A] N (2)



The characteristic vertical opening angle of the synchrotron radiation is
Oy =y 1 (3)
and in practical units is
Oy [mrad] = 0.511 (E[Gev])~! (3a)
fhe peak synchrotron radiation power per unit solid angle for sinusoidal

magnetic field can be expressed5 as

1.654 P 1.654 P
v v

p'! [W/(mrad)z] =
where K = 0.0934 Bmax [TIA [om] which leads in practical units to
w
P''[W/(urad)?] = 5.38 E* [Gev*] B__ [T] I (A] N (4a)
For impingement on a surface at a distance z in meters from the mid-length
of the wiggler/undulator source, the peak lineal power density and the peak

surface power density are

T .

W' =L sina (5a)

v =B etnB (5b)
¥4

which in practical units become
W' [W/mm] = P' [W/mrad] sina / z [m] (5¢)
- 2 - 2 2 2
W'' (W/mm“] = P'' [W/(mrad)“] sinfB /2" [m“] - (5d)
where O 1is the angle from impinged surface to photon ray measured in the
scanning plane and B is a similar angle but measured in a plane normal to
the surface.

The foregoing power densities in equations (2) through (5d) are based

on a negligibly small electron beam size and divergence.



2.1 Intensities for LBL/Exxon/SSRL Beam Line VI

The LBL/Exxon/SSRL hybrid-wiggler Beam Line VI is:shown in plan view in
Figure 1 with the VUV and Soft X-ray branch lines omitted for clarity.
Some features of this beam line have been described previouslyl.

The SPEAR electron ring and the Beam Line VI hybrid-wiggler magnet

can operate in many different modes, three of which are shown in Table I.
Mode A represents conditions that might be typical for the first year of
Beam Line VI operation. Mode C and E will be achieved_in the future when
SPEAR 1is ngfaded to deliver beam energies and currents as indicated and
with the wiggler magnet gap closed down to permit a peak magnetic field of
1.75 Tesla. For each mode, thé toﬁal synchrotron radiation poﬁer is listed
as well as the surface pdwer density normal to the beam at the first
absorber masks which are located 6.5 m from the midpoint of the wiggler
magnet. . These poﬁer intensities are for the anticipated magnetic field
profile (slightly squarer than siﬁusoid) and are a few percent greater thaﬁ
would be obtained using equations (1) through (5d). These peak normal
power densities for Beam Line VI are more than a factor 10 greater than
previously encountered for beam lines at SSRL.

The vertical ;ﬁd horizontal opening angles are given in Table I. The
vertical and horizontal gpatial distribution of photon intensities 1svshown
in Figure 2. The horizontal opening angleot1 of the Beam Line VI Mode E

beam is 11.5 times greater than the characteristic vertical opening angle

Ov.



TABLE I

Some Operating Modes and Corresponding Synchrotron Radiation Power
Intensities For LBL/Exxon/SSRL Beam Line VI

Mode A < E
Electron Energy, E [GeV] 3.0 3.0 3.7
Electron Current, I [A] 0.1 0.2 0.1
Wiggler Magnetic Field, B : [T] 1.30 1.75 1.75
Total Synchrotron Radiation Power,P [kW] 1.89 6.85 5.21
Horizontal Opening Angle, Op = KA [mrad] 1.45 1.95 1.58
Vertical Opening Angle, g v = 1y [mrad] 0.170 0.170 0.138
For First Masks At z = 6.5 m from source:

Photon Beam width, 2@h z [mm] 18.8 25.3  20.5
Photon Beam heighth, 29v z (mm) 2.21  2.21 1.79
Peak Normal Surface Power Density, W" [kW/cmz] 7.59  20.5 23.3

Note: Mode A is anticipated typical operation for first year while Modes
C and E represent later upgraded performance.



To grasp the significance- of these. power densities, it is
illustrative to compare them to well known power sources. Some
power densities for black body thermal radiation are shown in Figure
3. The power density at the surface of the sun and at the surface
of a typical tungsten filament\are shown for reference. Also shown
are the power densities anticipated for Beam Line VI Modes C and E,
both for normal impingement and for striking a 1/20 slope. As can
be seen, the normal impingement power density significantly exceeds
that at the sun's surface and the 1/20 impingement exceeds that from
a tungsten filament. These numbers have the ﬁh;sical significance
that if the Beam Line VI power densities impinged on é surface of
zero thermal conductivity then the surface temperature would rise to
the temperatures indicated (negiecting_ melting and vaborization).
The heat transfer rates associated with conventionai arc welding_are

4 W/cmz'which indicates that the Beam Line VI

of the order of 10
comﬁonents are béing asked to survive against the power inténsities
of a welding torch. As suggested in the cartoon of:Figure 4, the
photon beam might be thought of as a disintegrator.

3. Steady Heat Transfer to Water Tubes

For a water cooled object with no heat input, the entire object
will stabilize at a temperature corresponding fo that of the inlet
water. If the object is next subjected to a steady rate of surface
heat input, the temperature of the impinged surface of thé mask will
rise and then stabilize at an elevated temperature. The amount of
this temperature excursion is dependent on the configuration of the
object and its cooling circuits and is the sum of the temperature
differences associated with conduction, film heat transfer and bulk

water temperature rise.



The temperature difference due to conduction can be calculated by the

familiar equation for heat transfer by thermal conduction6

P dT (6)
for one-dimensional flow where P/A is heat flux per unit area, k is thermal
conductivity and dT/dx is the temperature gradient. For three dimensional
steady heat flow with constant k, the differential equation becomes

vir+d— =0 (6a)
where q"' 1s heat input to a unit volume. From these a temperature

difference ©, between front surface and coolant passage wall can be

k
calculated.
After the heat has been condu;ted to the cooling tubé wall, it
then must be transmitted through the boundary layer into the bulk of the
water flow. Water flow for such circuits is commonly turbulent as this
gives enhanced heat transfer. Several equations have been proposed for the

heat transfer through the boundary. f:le7 and a suitable one appears to be

that due to Sieder and Tate8

0.8 c 1/3 ~0.14 )
U
B _ 0,027(_%> (p_ (Lw_> 7
AO¢ky v /b k Jp U p

where P/A 1is heat flow per unit area of surface, @f = 'l‘w - Tb’ D is
diameter of coolant passage, V is velocity, p 1is coolant density, is
éoolant viscosity, cp is specific heat and subscript w indicates
evaluation at wall temperature while subscript b indicates evaluation at
bulk coolant temperature. The groups in parenthesis are dimensionless.

For water, this can be expressed in practical units as

(7a)

. |
A= Cec @ g V0 D702 (Hw/up)Tt



where P/A is power per unit area- [watts/mmz], Ofin°c, Cst = constant
dependant  on temperatufe‘which equals 0.0067 at 10°C aﬁd equals 0.0098 at
40°C,‘ V is flow velocity [m/sec], D 1is passage diameter [mm] or the
hydraulic equivalent (4 x area/perimeter) for non-circular passages.

As the coolant moves through its passage, it will pick up heat

along the way and its bulk temperature will increase as

8
Y (8)

b —
cpPQ

where eb is coolant bulk temperature rise “to point in circuit being

considered, Pb is power input to coolant over same 1length of coolant

circuit, cp is specific heat, p 1is density, Q is coolant volumetric flow

rate. For water, this becomes

-, P
0, [°C] = 2.40x207" B LWl (8a)
Q [m3/s] | o

or
Pp (W]

—e (8b)
G [U.S. Gallons/min]

Op [°C] = 0.0038
One needs to evaluate the sum of @k + Of + @b for several
front surface locations to determine the ldcation of maximum temperature.

4. Thermal Stress Fatigue

When metals are subjected'to repetitive cyéling of stress (or strain),
fatigue cracking and ultimate failure can occur at stress levels below the
yield stress of the parent material. Fatigue failure data is commonly
plotted on an S-N diagram such as that shown in Figure 5 for oxygen free

copper subjected to alternating temnsion and compression.



If an unrestrained object undergoes a temperature rise O each element
of the object will undergo a strain change of
€ . a 0 7 (9)
where O 1is thermal coefficient of expansion
If instead the object 1is free to expand in two dimensions but is
restrained in the third dimension (perhaps the 1longest dimension) then
there will be no strain in that third dimension but there will be a
corresponding thermal stress of
g ¢ = € ¢ E=0CE Q@ (10)_
where E is Young's modulus of elasticity.

If the object is restrained in two dimensions and free to expand in the

third dimension, then the thermal stresses are given by
o EO

L ST (11)
where U = Poisson's ratio. This equation would apply for surface heating

of a plate where the material is free to expand normal to the plate surface
but is fully restrained in the two lateral directions. Poisson's ratio for
copper 1is approximately 0.35 so two directional restraint can produce
therﬁal stresses more than 507 greater than for one directional restraint.
Full restraint is seldom achieved in practice so thermal stresses are less
than indicated by these equations. Move extensive calculations, such as by
3D finite element.computations, can be used to calculate actual stresses
associated with the actual temperature distributioms.

5. Absorber Masks for LBL/Exxon/SSRL Beam Line VI

Masks are located along beam 1lines to absorb synchrotron radiation
photon power not transmitted through to the experiment. Several of the
masks on Beam Line VI are subjected to intense power 1levels and are

discussed here.



5.1 First Masks

The movable mask on Beam Line VI can be inserted so as to intercept and
fully stop all synchrotron radiation power from passing further down the
beam line. The configuration chosen for this movable mask has two elements
in "V" arrangement as shown in Figure 6. ‘Each element has a horizontal
slope of 1/17.5 (a = 3.28°). Space conside;ations prevented use of a
longer mask with a more gradual slope. When a wiggler photon beam strikes
a. horizontally sloped surface, it produces a tréce on the mask surface
which is‘very long and of small height as illustrated in Figure 7. For the
Beam Line VI mévable mask this works out to be an aspect ratio on the
surface of approximately 200:1.

The movable mask 1is located A, 6.5 m from mid-length of the wiggler
source. The greatest surface temperature rise occurs for Mode C which
produces a peak surface power density on the 1/17.5 sloped mask of 1170
W_/cm2 and a lineal power density of 200 W/cm.

The thermal flow pattern resulting from this heat input 1is shown in
- Figure 8. Heat transfer in the lengthwise direction of the mask is
neglected. The heat input has a vertical bell-shape distribution as was
shown in Figure 2 and is depicted here by the arrows going into the surface
with an equal quantity of heat flow between adjacent arrows. The heat flow
from the surface to the water passages 1is parallel to the flux lines shown
while the orthogonal lines are isotherms. The thermal flow pattern shown
here was drawn by hand after several itergtions so as to simultaneously
satisfy conduction equation 6 and film heat transfer equation 7.

It is interesting to note the approximately semi-circular shape of many
of the isotherm 1lines. This suggests that one might get a good
approximation for this heat transfer by considering heat flow through a
thick cylindrical wall of 180° angular extent.

-10-



The case of a hollow cylinder has been considered by Carslaw and Jaeger9

and, after adjustment to a hollow half-cylinder, the solution is

W' d
ToTg = 1In (E) (12)
where ¢ and d are the inner and outer radii respectively and W' is the
lineal power density such as from equation 5c. It would seem logical to
select the inner radius equal to W'/W". However, better agreement with the

results of the :hermal flow plot of Figure 8 is obtained if the inner

radius ¢ is reduced slightly to

c[mm] = 0.75 A _[W/mm] (12)

W' [W/mm2]

where W'" 1s the peak surface power density such as from equation 5d. The
outer radius d can be taken at a mean diétance to the water passages and
the resulting calculated temperature difference is not very sensitive to
the value selected for d.

For the above~described thermal flow and with a water vglocity of 9.1
m/s (30 feet/sec), the conduction, film and bulk temperature rises
(o K’ 0 £ and 0 b respectively) were calculated 10 for the movable
mask and are plotted in Figure 9 for 10°C inlet water temperature (higher
inlet water temperature increases the water viscosity ‘and results in
smaller thermal excursions). The pgak temperature rise is 92-10 = 82°.
If the mask were fully restrained in two lateral dimensions, this would
result in a thermal stress range (equation 11) of 253 MPa (36700 psi) with
the tgérmal stress amplitude being half as much. An estimate of the actual
restraint reduces the thermal stress amplitude téii 82 MPa (11,900 psi).
An upper estimate of the number of thermal cycles to be encountered 1is
(40/day)(250 days/year)(10 years) = 105 cycles and the corresponding
fatigue failure stress is +125 MPa (18000psi) which appears amply safe.

The semi-circular water passages were chosen somewhat arbitrarily.

-11_



A water passage of greater depth (perpendicular to the impinged surface)
would enhance heat transfer slightly but at- the expense of  greater-
volumetric coolant flow and/or lower coolant velocitfo There is room for
further optimization.

What 1is the optimum distance from the front surface to the coolant
passages? As this distance 1s decreased, the conductive temperature drop
bgcomes less. But on the other hand, as the distance is increased the
effective film heat transfer area to water becomes greater thereby reduéing
the film temperature.drop. The 3.2 mm Aimension.adopted for the movable
mask gave a lower total temperatﬁre drop than for a 1.2 mm distance that
was also considered. Subsequent calculations have indicated that a
dimension of ~ 10 mm would have been slightly better yet. |

During the design, a configuration with vertically sloping mask"
surfaces at a slope of 1/35 (8 = 1.64°) was consideredll. Whén the
wiggler photon beam étrikes a vertically sloped surface, it produces an
impinged area that has an aspect ratio close to unity.as shown in Figure
10. 1In this case, one gains little benefit from lateral and longitudinal
heat transfer and one gets a thermal flow pattern similar to that of Figure
11 for uniform surface heating. In this case, it is desifable to make the
distance from the front surface to the water cooling tubes as small aé
possible. Even with this distance reduced to 1.3 mm and with the 1/35
slope, this arrangemenf had a greater total temperature rise tﬁan for the
1/17.5 horizontally sloped surfaces. Thus, the horizontally sloped design
was the one implemented.

The first fixed mask 1is located directly upstream from the movable
mask. It has a vertical clear aperture of 20 mm and a horizontal clear
aperture of 39.6 mm at the exit and 83.2 mm at the entrance. Under certain
infrequent operating conditions, the SPEAﬂ beam can impinge on the side

=12-



walls but not the floor or ceiling of this fixed mask. The side walls are

of a construction similar to that for the movable mask but are at a slope

of 1/35 (&= 1.64°) so that the total temperature rise on the surface is

approximately one half that for the movable mask and the thermal stresses
12

are also correspondingly lower ".

5.2 Vertical and Horizontal Slits

The vertical slit assembly is located approximately 11.5 m from the
midpoint of the wiggler magnet. The vertical slit assembly consists of two
intensely water cooled copper absorbing masks with one located above the
beam centerline and the other located below. These masks are hinged at
their upstream end and can be moved into the synchrotron radiation beam by
means of a positioning system located outside of the vacuum and operating
through bellows. The vertical aperture 1is approximately 50 mm at the
entrance and is 11.6 mm at the exit when fully opened.

The downstream end of each mask can move from its open position 5.8 mm
outboard of centerline to 3 mm beyond centerline or until it closes against
the other mask, whichever occurs first. The two masks are interlocked
externally so as to prevent damage when the blades fully close.

The steepest impingement of the photqn beam onto the vertical slit is
at a slope of 1/16 (B = 3.6°) and this occurs when one of the masks is 3 mm
beyond centerline. This results 1in a peak surface power density of
approximately 480 watts/cmz. Each mask 1s a brazed copper assembly
similar to that of one arm of the movable mask shown in Figure 6 but with
22 semicircular water passages in each mask and a surface to coolant
passage distance of 3.0 mm. With a water velocity of 9.1 m/s (30 ft/sec),
a peak front surface temperature rise of 71°C was calculated taking into
account that a total of 307 of the heat is transmitted laterally and
longitudinally. If the mask were fully restrained in two dimensions, a

-13-



thermal stress amplitude .of + 110 MPa (16,000 psi) would result. However,
the mask is not fully restrained in two dimensions so a final calculated
thermal stress amplitude of + 63 MPa (9,100 psi) is calculated. This mask
will receive 1less than 105 cycles of heating so the indicated cyclic .
bstress levels appear adequately safe. -

The horizontal slit gssembly is 1ocatedfapproximate1y 12.0 m from the
-midpoint of the wiggler soﬁrce. Its construction is similar -to that of the
vertical slit assembly with two separate masks  hinged at ;he upstream -
ends. This assembly has a horizontal aperture of ~-100 mm at the entrance
and 56 mm at the exit when fully opened. The downstream end of each mask
element can move across the full 56 mm apertufe vnless it contacts the
opposite element sooner. Thus, a slot of any chosen;width may be placed-
anywhere within the 56 mm available aperture. The steepest impingement on
the horizontal slit mask element is 1/7.0 ( &= 8.1°). This corresponds to
a peak surface power density of 900 W/cmz. The horizontal slit masks
also are of copper construction similartto that shown for the movable mask
in Figure 6 and witﬁ a thermal flow pattern similar to that of Figure 8.
Each mask element has eight semicircular flow passages located 3.0 mm from
the front surface. With water»velocity of 7.3 m/s (24 ft/sec), the maximum
total temperature rise to the front surface of the mask is 83 degrees C.
- If fully restrained in two lateral dimensions, the corresponding thermal
stress amplitude would be + 128 MPa (18,600 ﬁsi). However, estimates of
the actual restraint reduce this to + 73 MPa (10,600 psi). The number of
heating cycles should be well below .105, so these cyclic stress values
seem amply safe.

5.3 Downstream Masks

Typically, more than 60 percent of the synchrotron radiation power is
absorbed in the graphite filter and on the focus mirror. Less than 40

-14~



percent 1s transmitted downstream towards the beryllium window. The focus
mirror deflects the photon beam at an angle variable from 0.42 degrees to
1.00 degrees. Misadjustment of the mirror or missteering of the SPEAR beam
may cause a significant fraction of the photon beam to miss the mirror.

The pivot mask is designed to accept this stray radiation. The floor
and two side walls of this mask require water cooling for beam power
densities that are about one third of those encountered on the upstream
masks previously described. 1f the cooling passége arrangeﬁent for the
previously described masks were to be used for the pivot'mask, an array of
72 sgemicircular water passages would have been required. A simpler
arrangement was sought which lead to the configuration shown in Figure 12.
Commercially a.vailable13 phosphorus deoxidized copper tubing with spiral
internal fins will be brazed to the outside of the heavy copper walls of
the mask. Lips on the walls will be rolled over to retain the finned
tubing in position during brazing. These rolled 1lips will also provide
eﬁhanced heat transfer capability to the portions of the tube most remote
from the impinged surface. Calculations indicate that thisvarrangement is
satisfactory for the somewhat lower.ppwer densitles encountered here.

The beryllium window mask is designed to absorb synchrotron radiation
which otherwise would miss the foil portion of the beryllium window and
would hit the window frame. The exit aperture of this mask is 3 mm high by
18 mm wide. The configuration and cooling of this mask will be similar to
that for the pivot mask just described.

The monochromator beam dump will consist of an upper mask located
upstream of the monochromator and a lower mask located downstream of the
monochromator as shown diagrammatically in Figure 13. Only monochromatized
synchrotron radiation can pass through this arrangement. Even if a

monochromator crystal fails, no straight-through rays can pass through this

-]15=-



arrangement. The thermal and mechanical designs of this.moﬁochromator beam-
dump are yet to.be finalized.

6. Transient Surface Temperature Rise of Fast Valve

Beam Line VI contains a CERN-type fast valve located approximately 7.8
m from the wiggler midpoint. This valve will close in A 10 ms after being
triggered by a vacuum fault. It was of interest to know the rate of
température rise of the titanium-alloy valve plate upon closure in order to
know how quickly the SPEAR beam would have to bg turned off. For Mode E
ropgration, the péak normal-impingment power densiﬁy at this location is
16.1 kw/cmz with a ﬁorizontal to vertical aspect ratio of 11.5. A good
approximation for this case can be obtained by assuming an infinite aspect
ratio andbassuming that the horizontal. lineal power density is uniformly
distributed on a half cylinder recess in a semi-infinite block and assuming
a cylindrical radius suéh that both the surface power density and lineal
power density match the respective peak values for Mode E operation. The
temperature rise for this case can be calculated using the formulas given
" by Carslaw and Jaeger 14 for heating of a cylindrical hole in an infinite
medium. The resulting température rise is shown in Figure 14 for the
titanium alloy ﬁlate as well as for aluminum and copper if such were used.
At early times, the +0.5 power slope corresponds to that for uniform
surface heating of a semi-infinite slab. At later times the slope becomes
lower due to heat conduction in the vertical direction as_Qell as the depth
direction once the heated zone has reachéd a depth comparable to the radius
of the cylinder. The results indicate that the titanium alloy surface
would start to melt within a few milliseconds. After consultation with
SSRL staff, it was decided that the most prudent course was to abort the

SPEAR beam by turning off the R-F power simultaneous with initiation of

-16-



fast valve closure, thereby turning off the SPEAR beam before the valve
plate can move into the synchrotron radiation beam.

7. Heating of Beam Line VI Mirrors and Crystals

For Beam Line VI, the focus mirror is located approximately 12.8 m from
the wiggler midpoint. The incidence angle on this mirror initially will be
0.21 degrees and may increase in the future to 0.50 degrees. The mirror is
mounted to a mirror-bending mechanism and is cooled by thermal radiation to

15 that the mirror temperature will

the surro;ndings. It is anticipated
rise > 100°C and that the mirror may require focus adjustment after
temperature excursions. At the upstream end of the mirror, there is a
water cooled mask with an incidence angle of approximately 3°. It is
cooled by five parallel stainless steel water tubes brazed into slots in
the rear surface of this copper maskls.

The crystals in the monochromator can be subjected to significant
heating. The focussed image of the wiggler source occurs closely
downstream of the monochromator. The incidence angle onto the
monochromator crystals can vary from small angles to more than 60°.
Approximately one third of the synchrotron radiation power remains after
passage through the fbcus mirror, beryllium window and graphite filters.
This is concentrated onto an area of the first crystal that is comparable
in size to the electron beam size at the wiggler source. Preliminary

16, 17 indicate that temperature rises of many hundreds of

calculations
degrees celsius can be anticipated.

One hypothetical crystal configuration used. for early analysis of
crystal heating is shown in Figure 15 with the heat confined to a zone on

the top surface and with the two side walls (y = 0 and y = b) held at a

fixed temperature To. For a hypothetical heat input, the temperature

-17-



profiles for the front surface of the crystal are shown in Figure 16.
There clearly will be large variations in the crystal d-spacing associated
with such large variations in the surface temperature. For this same
hypothetical case, the mechanical stresses and strains associated with
these temperature excusions were calculated and are displayed graphically
in Figure 17. Both the change in d-spacing and the distortion of the
crystal surface may significantly affect the research performance of the
monochromator. These consideratidns, possible crystal fracture and
possible enhanced cooling means need considerable further study.

8. Looking To The Future

’_ It appears that many wiggler/undulator beam lines will be built in the
coming years. A Beam Line IX for SSRL 1is being contemplated by
LBL/Exxon/SSRL. SSRLV is planning a high power undulator line for PEP.
NSLS/BNL is designing a superconducting wiggler beam 11ne18 with powef
densities approachiﬁg those of Beam Line VI. LBL has proposed construction
of the Advanced Light Source which ultimately would have 12
wiggler/undulator beam lines plus their asgociated branch lines. SSRL is
considering a two-ring facilityl9 which could ultimately accommodate more
than 50 wiggler/undulator beam lines. Many of these will have power
densities at least comparable to those described here for Beam Line VI.
The earlier equations 1indicate .that total synchrotron radiation power
varies as E2 and that synchrotron radiation power density per unit solid
angle varies as Ea. Thus, thermal and materials problems could be even
more significant for some of tﬁe proposed beaﬁmiI;;;;—_E;ble I1 indicates
significantly greater synchrotron radiation power intensities if the Beam

Line VI wiggler were installed in a 5-6 GeV, 0.1lA electron ring with the

corresponding SPEAR 3.7 GeV values included for comparison.
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TABLE II

Comparisons of Calculated Power Intensities If Beam Line VI
Wiggler Operated at 5-6 GeV.

SPEAR
Mode E  New Ring

Electron Energy, E [GeV] 3.7 5.0 6.0
Electron Current, I [A] 0.1 | 0.1 0.1
Wiggler Magnetic Field, B ‘ [T] 1.75 1.75  1.75
Total Synchrotron Radiation Power, P [kW] ‘5.21 9.5 13.7
Horizontal Opening Angle, O . K/§8 [mrad] 1.58 1.17  0.97
Vertical Opening Angle, © v 1/8 [mrad] 0.138 0.102 0.085
At z = 6.5 m from Source

Photén Beam Width, Z(Dh.z [mm ] 20.5 15.2 12.7
Photon Beam Heighth, Z(JV.z [mm] 1.79 1.33  1.11
Peak Normal Surface Power Density, W" [kW/cm g 23.3 78. 161.
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Béeam Line VI has done quite a bit of pioneering effort for high power
beam lines. With the advent of so many future high power beam lines, it is
appropriate fo consider ways in which things can be done even better in the
future.

8al‘Better Analytical Tools

The synchrotron radiation power density onto a specific surface along a
beam line is dependeﬁt upon a large number of parameters associated with
the design and operation of the electron storage ring and of the beam
line. A computer program to calculate such synchrotron radiation power
densities 1is now being developed at LBL by E. Close and others. This
progfam will take into .account the following parameters: |

Electron beam energy and current (E, I), -

Elec;ron beam spot size,. (ox, cy),

Electron beam vangular divergenqé (o x'? 0yt ),

Electron beam orbit deviations (Ax,Ay, AX', AY'),s

Wiggler/undulator length, period and magnetic field (L, A ,B), )

Angﬁlar distribution of photon intensity and energy,

Reflection/absorption at intermediate impinged surf?ces.

Defining apertures,

Focussing by mirrors.
One will be able to input values or ranges for the above parameters and let
the computer calculate the corresponding power densities at selected points
on the beam line. For Beam Line VI, such calculations were done by hand on
a conservative basis, perhaps overly conservative; This new program will
give us a much more rational basis for the therﬁal design of beam 1line
components.

Three dimensional computer  programs to calculate temperature
" distributions and the resulting thermo-mechanical stresses and strains have .
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been available for some vyears. However, most of fhese are not
user~friendly and typically require months to achieve proficiency at their
use. User-friendly versions, particularly ones suitable for engineering
computer work stations, are being sought.

8.2 Better Mask Configurations

Further study and analysis should yield better mask configurations.
Other cooling passage arrangements may result in better heat transfer and
reduced surface temperatures. The brazed configuration now used are
expensive so less costly arrangements are desired.

Compared to annealed oxygen free copper, other materials may have
enhaﬁced thermal fatigue characteristics coupled with adequate thermal
conductivity and ultrahigh vacuum compatability. Several
dispersion—-strengthened copper alloys20 appear to offer significantly
better fatigue properties with only a slight loss of thermal conductivity
but their ultrahigh vacuum compatability needs to be §erified. Another
possibility is electro-deposited éopper which initial studies indicate has
significantly enhanced mechanical properties with comparable thermal
conductivity and ultrahigh vacuum compatability but its resistance to being
annealed by bake out or other eleﬁated temperture operations is yet to be
evaluated.

8.3 Crystal/Mirror Heating

As discussed earlier, the heating of crystals and mirrors has yet to be
fully addressed on higﬁ power beam lines. What temperature can these
mirrors and crystals stand? What are the outgassing characteristics of
these materials at elevated temperatures? What are the effects of
d-spacing variations and surface distortion to the experimenter? What
temperature distributions might cause fracture? Will elevated temperatures
cause degradation of multilayer‘ crystal surfaces due to diffusion? Can
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coolant channels be incorporated directly into the crystals and mirrors?
Will turbulent flow in the. coolant channels cause noise that would degrade.
optical performance? It has been suggested17 that laminar flow of liquid
vmetal coolants may offer advantages. Much remains to bev;tudiede

8.4 Reduction of Incident Power Densities

There are several ways to reduce the .power density onto beam line
surfaces but these often involve compromises to the design goals -of the
beam line. The angle of incidence can be reduced but this -lengthens
components which in turn increases the cost and overall length of the beam.
line. As the incidence angle is reduced, reflection of the lower energy
photons needs to be considered along with wvariation of the incidence angle
due to machining tolerances, surfaée finish, thermal distortion, etc. One
can locate components further from the source (or from the image) where
powervdensities are lower. I1f one is interested primarily.in'the higher
energy portion of the photon spectrﬁm, filters of graphite (for example)
can be iﬁposed to absorb.the lower energy portion. Conversely, if one 1is
- not interested in the higher energy portion of the photon-spect}um, one can
introduce one or more low incidence mirrors to absorb the higher energy
photons. Finally, for those experiments in which spectral brilliance is of
importance, the use of undulator magnets may offer advantages over wiggler
magnets.

9. Conclusions

The power intensities on wiggier beam lines, such as LBL/Exxon/SSRL
Beam Line VI, are formidable. Solutions adequatevfor the purpose have been
found for the Beam Line VI masks. Thermal considerations for the Beam Line

VI monochromator crystals have been only partially addressed.
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It appears there will be many wiggler/undulator beam lines in the
future. There is a need for better user—friendly analytical tools to
provide faster more accurate answers regarding power densities,
temperatures, stresses and strains. More effective and less costly mask
configurations should be sought. The thermal impact on gratings, crystals
and mirrors needs further study as doeskthe‘impact of these parameters on
the experiment itself. Finally, the dialogue that now exists between the
various groups designing high power beam lines should continue and be
strengthened for the joint benefit of all.
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'Figure 3. Black—-body radiation power densities compared to those

expected for the first masks of the LBL/Exxon/SSRL Beam Line
VI.
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Figure 4. Cartoon depicting intense photon beam.
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of amplitude sg¢.
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Figure 6. View of the LBL/Exxon/SSRL Beam Line VI movable mask located
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Figure 7. Simplified view of a wiggler photon beam striking a

horizontally sloped surface. For example, an 11.5:1 aspect xpgL 839-3135
ratio photon beam striking a 1/17.5 horizontal slope results
in an aspect ratio of 200:1 on the surface, which

approximates narrow line heating.
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Figure 8. Thermal flow pattern (isotherms and flux lines) within
horizontally sloped movable mask for Beam Line VI. Note that
a significant amount of heat is conducted vertically to the
adjacent water passage. Pattern is symmetrical about
centerline.
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Figure 9. Calculated temperatures for LBL/Exxon/SSRL Beam Line VI photon
beam striking one blade of the 1/17.5 horizontally-sloped
movable mask (E = 3.0 GeV, 1 = 0.2A, B = 1.75T)
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Figure 10. Simplified view of a wiggler photon beam striking a _ XBL 839-3134
vertically-sloped surface. For example, an 11.5:1 aspect
ratio photon beam striking a 1/15.8 vertical slope results in
a 0.73 aspect ratio on the surface.
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Figure 11. Thermal flow pattern (isotherms and flux lines) for uniform
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Figure 13. Diagrammatic elevation view of the monochromator beam dump for
the LBL/Exxon/SSRL Beam Line VI X-ray line. Only
monochromatized light can pass through to the experimenters'
hutch.
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Approximate calculation of peak surface temperature rise
versus time for normal impingement of LBL/Exxon/SSRL Beam Line
VI photon beam onto fast valve surface at 7.82 m from source.
M.P. = melting point. (E = 3.7 Gev, 1 = 0.1A, B = 1.75T)
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Figure 15. Configuration assumed for initial analysis of crystal heating
with surfaces y = o and y = b held at fixed temperature T .
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Figure 16. Calculated Front Surface temperature profiles at successive
planes based on crystal heating initial analysis.
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Figure 17.

Solid lines are without heat input while

dashed ones are with heat input.
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