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“DIE VERANTWORTUNG FUR DEN INHALT
DIESES INTERNEN BERICHTES LIEGT
AUSSCHLIESSLICH BEIM VERFASSER."



summary

Responding to a suggestion by G. Vossl), ve examined the
cost dependance of the HERA electron ring on aperture and
cell length and determined the optimum cell length which
turned out to be about 20 m, not far from the HERA design.

jlcm—zs—l at

The aperture limited design luminosity of 4°10
25 GelV (for AQ = 0.025 and B: = 3 cm) can be doubled for
an added investment price of 44 MDM. For a factor of 4, the

added investment price is 120 MDM.

lgtroductiqn

In the aperture and beam-beam limited energy region, the
luminosity of an electron storage ring increases as the square
of the aperture radius if the beam emittance and current

are correspondingly increased. At high energy, howvever, a
large focusing strength, i.e. a large quadrupole length or
small aperture radius is needed for high luminosity. These
conflicting aperture demands were analysed in a note by

G. Vossl)

wvhere he also pocinted out that, for given beam
emittance and luminosity, the cell length, in principle,
is a free parameter that can be chosen for minimum overall

cost.

In this note we try to determine how the costs of the HERA
electron ring depend on aperture radius and cell length,
how the cell length should be chosen and how much more it
would cost to increase the e'e” luminosity in the medium

and lowver energy region by a factor of 2 or 4.

Assessment of costs

Tab. 1 gives the investment and operating cost contributions
that markedly vary with aperture radius R and cell length L.
The costs are given in MDM for 4 different values of R and L

in a 4x4 matrix using the following notations:



R = 3.5 cm R =4.9 cm R =7cm R = 9.9 cm
n = Costs [MDM] |n = Costs [MDM] n = Costs [MDM] n = Costs [MDM]
0.768 Invest. Oper. |0.686 Invest. Oper. |0.549 Invest. Oper. |[0.326 Invest. Oper.
B 9.11 6.01 B 13.42 7.53 B 20.46 11,75 B 33,16 33.33
Q 14.25 Q 29,55 Q 64,13 Q 135.75
= | s .50 ¥ | s 12,08 % | 5 2985 10423 | g 7 gg 17422
&5 PS 3.76 PS5 5,12 PS 8.15 PS  18.48
® C 9.21 C 10.74 C 14,33 C 26.61
2 RF 16:17 67.25 RF 18.10 73,29 RF 22.62 94,07 RF  38.10 158.42
5 AT 0 AT 8.76 AT 21.15 AT 38.66
r v 27.80 v 30,91 v 34.97 v 39.84
84.80 77 .53 128.68 89.29 215.66  116.35 407.48 208.97
Invest.+0Oper. 162.33 Inv.+0per. 217.97 Inv.+0per. 332.01 Inv.+0per. 616.45
Present HERA design
W Costs [MDM] |n =  Costs [MDM] n = Costs [MDM] n =
0.690 Invest. Oper. [0.58 Invest. Oper. |0.40 Invest. Oper. |0.100
B 9.77 7.44 B 14,20 10.53 B 21.39 22.14
Q 19.00 Q 39.40 Q 85.50
S 6.00 -] s 160 802| 5 39,8 14:04
= PS 4.80 PS 7.00 P5 13,22
© C 10.66 C 153557 C 21.02
0 RF 18.00 74.85 RF 21.41 89.05 RF 31.05 129,12
1N AT o AT 8.76 AT 21.15
N v 27.80 Vv 30:91 Vv 34,97
B 96.03 87.98 151.15 108.02 268.10 165.30
Inv.+0per. 184.01 Inv.+0per. 259.17 Inv.+0per. 433.40
n = Costs [MDM] |n =  Costs [MDM] M =
0.534 Invest. Oper. [0.372 Invest. Oper. |0.098
B 11.08 12.42 B 15.74 25,60
Q 28.50 8.54 Q 59.10 12.93
S 9.00 : 5 24.15
£ PS5 7.66 PS5 14.08
g C 14.83 > 22.87
o RF 23.26 96.72 RF 33.39 138.83
= AT 0 - AT 8.76
i v 27.80 v 30.91
— 122.13 117.68 209.00 177.36
Inv.+0per. 239.81 Inv.+0per. 386.36
n = Costs [MDM] |n =
0.380 Invest. Oper. |0.163
B 12.39 24,53
q 38.00
s 12.00 1177
PS 13.49
= C 22.31
< RF 32.68 135.91
2 AT 0
= v 27.80
:j 152.67 171.81

Invest.+0per. 330.48

Table 1: Dependence of HERA cost contributions on cell length L and aperture radius R
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is the aperture radius of the cell quadrupole; its
values are (/E)n'RD vith Ro = 3.5 cm (present
HERA design) and n = 0, 1, 2, 3.

is the cell length; its values are % . L0 vith LO =
(present HERA design) and m = 3, 4, 6, 8. The 10 ha
cells we considered are shown to scale in Fig. 1.
The quadrupole length is scaled as the aperture rad
in order to maintain the same focusing strength at
energyl). Similarly, the sextupole length is scaled
as RZ. Maintaining the necessary gaps for vacuum
equipment and coil ends, the bending magnet length,
then, is taken as the remaining length within the
half cell. Thus, the bending magnet filling factor
gets rapidly worse for smaller cell length as well
as for larger aperture radius, i.e. the bending
field goes up and causes higher magnet power and

radiation losses leading to higher costs for pover

installation and consumption.

is the cost of bending magnets with cross section

as shown in Fig. 2. Their good field aperture is
matched to the quadrupole aperture for a height to
ratio of 2/3, and gap height and pole width scale

as R. Maintaining an optimised magnet, the current
density in the single conductor Al-"coil" is kept

constant, i.e. the linear coil dimension scales

as /ﬁ; a similar conductor for field compensation

is assumed around the ring.

The cost breakdown for a single magnet of the prese
HERA design (5.4 m long with 5 cm gap) is shown

in Tab. 2; the prices (in DM) are scaled from PETRA
bending magnet prices assuming a 50 % cost increase
(v4 years). The underlined prices do not depend on

individual magnet lengthj; their contribution to the
total cost B in Tab. 1 is proportional to 1/L or th
number of magnets, while the contribution of the ot
is assumed to be constant. At first glance, this mi
not appear to be correct in view of the varying mag
filling factor n, but it is indeed a good assumptio
since the field strength and yoke thickness must

be increased for smaller filling factor.
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B Oper.

Q Invest.

S Invest.

Q+S QOper.

PS Invest.

C Invest.

Rf Invest.

Rf Oper.

T Invest.

is the cost of bending magnet power for an operation
of 25 000 h at 30 GeV, assuming a price of 0.11 DM/kWh.

is the guadrupole magnet cost which is taken to be

19 MDM for the present HERA design and is scaled as
Rl'61 and LU’56. These scaling laws were extracted
from commercial offers for PETRA quadrupolesz),
assuming for all values of R the similar shape of

cross section as is shown in Fig. 3.

is the sextupole magnet cost, scaled with R and L

as the quadrupoles.

is the cost of quadrupole and sextupole magnet pover
for an operation of 25 000 h at 30 GeV.

is the cost of power supplies for all magnets,

taken from the HERA proposal and scaled linearly

vith the sum of magnet pover.

is the cooling water installation cost for the

sum of rf and magnet powver.

is the cost of rf klystrons with high voltage

powver supplies, assuming 13.2 MW for the present

V Invest.

HERA design and scaling inversely with the magnet

filling factor.

is the electricity and klystron replacement cost

for an rf operation of 25 000 h at full power (assumed
klystron values: output powver 550 kW, efficiency 65 %,
life 10 000 h, price 317 kDM).

is the increase in ring tunnel cost with tunnel
radius (9 MDM for Ar = 10 cm). We assumed Ar
to be equal to the increase of the outer quadrupole

radius.

is the total cost of the HERA vacuum system. Half

of this cost is assumed to be independent of R and

the other half is scaled as R0‘6. 3)
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Evaluation of results

The results are presented in Figs. 4 and 5. Figure 4 shous

the investment plus operating cost variation as a function

of aperture radius R for the 4 different values of cell length
L, while Fig. 5 show the investment cost variation only. Both
figures also show curves for constant machine acceptance

and constant maximum luminosity;iiwhich are obtained by varying
R porportional to VL. For constant phase advance per cell,

this variation is not immediately obvious since the orbit

errors resulting from quadrupole errors in the cell structure
are proportional to beta, divided by the focal length of these
quadrupoles, and are thus independent of L. A numerical estimate
for the e'e” HERA ring however shows that the expected orbit
error caused by misalignment of the interaction region quadrupoles
is larger than the error from the cell quadrupoles (see appendix).
In view of this dominant contribution, which is proportional

to /B, we have scaled R as vL along the curves of constant
luminosity. When, on the other hand, going from one of these
curves to the next one that corresponds to twice the luminosity
ve must, for constant L and optics, multiply only the aperture
fraction filled by the beam by a factor of Y/2. Assuming that,

at R0 = 3.5 cm, 3/4 R0 is filled by the beam, only this part

is increased while the remaining part (1/4 RO), vhich is

provided for orbit deviations, is kept constant.

It appears from Figs. 4 and 5 that, regarding total costs,

the curves for constant luminosity have a fairly flat minimum
at or slightly above L = 20 m while, regarding investment
costs only, the curves are much flatter and have their minimum
at about L = 15 m. We might therefore conclude that with
respect to costs any cell length between 15 m and well over

20 m would be a good one. The final choice then, will depend
on the focal strength required at high energy, and on technical
aspects concerning lattice construction, installation and
alignment.

The aperture limited HERA ete” design luminosity at 25 GeV,

vith 4Q = 0.025 and B, = 3 cnm, isfié = GelD e e, IF
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can be doubled by increasing the quadrupole aperture radius
from 3.5 cm to 4.6 cm, and this will cost additional 44 MDM
for investment and 12 MDM for operation. For a luminosity
increase by a factor of 4, the cost increment will be 120 MDM
for investment and 44 MDM for operation. In other words:

the first factor of two in e‘e” luminosity can be had for

56 MDM total, and the second for 164 MDM.

Appendix: Estimated closed orbit errors

For the closed orbit deviations due to a mean random quadru-
pole misalignment <Ay> we have from ref. 4) p.7 (considering

focusing quads. only):

caused 1in - T VN 8 <Ay>
closed normal cell only: Yeell” = : cell f
: 2| sinmQ| cell
orbit
deviation e i
caused in B M e <Ay> /L
interaction YR = T BrgBeerl TF /r
N . 2| sinmQ] IR
: region:
. 1
With e.qg. — = 0,7
2 |sinmQ|
no. of cells N = 320
focal length of cell quads f 11 ° % L = 7.5 m for A8z 60°
ce o per cell
max. beta in cell B = V3L = 26
cell 0
no. of high beta IR quads M = 8
focal length of IR quad. fIR = 1.5 mz
- (see HERA example in
max. beta in IR Big = 100 mj ref.5)
mean quad. misalignment <Ay> = 0.2 mm
ve have the c.o. deviations <y > =z 8.7 mm
cell

<
YIR - 5
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