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This paper reports about the investigation of the radiatitmse coming from
the superconducting cavities due to dark current and fieltsgion in the FLASH
tunnel, which where done by the summer students from the BE®¥her Student
Program 2006.
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1 Introduction

Once particles are accelerated and/or high fields are apfiie cavity material is beeing
stressed in many ways, of which more than one results in s@cgrfradioactive) radiation.
E.g. due to field emission particles are extraced from théycaalls. This effect appears at
gradients higher thaﬁooo%, and especially occurs even without main electron beanteSin
the highest gradients applied at FLASH &@*", one could think that field emission would
be a negligable effect.

But the real problem here are inhomogenities on the surfad¢keointernal wall of the
cavity. Once only a few atoms will stand out, the field linedl woncentrate there and the
effective field tremendously increases, exceeding thesimd. These inhomogenities can
not be avoided and thus there will always be field emissiope@ally reaching higher and
higher accelerating gradients. Thus there is an energywbds applying an accelerating
field, namely a little fraction of the energy may be lost in deyice, due to leakage or ionising
radiation.

Not only particles coming from the cavity walls, but also di@mitted particles from the
electron gun are accelerated. This effect is called danleourThe dark current creates much
higher radiation doses all over the tunnel, due to uncdetiqdarticles reaching high energies.
But this can be avoided via a collimator behind the gun. Keapind that the beam does not
necesarily need to be in operation for dark current to octunce these particles will hit the
cavity wall high energetic gamma photons and photo neutaoeproduced. Another reason
for high energetic radioactive radiation can originaterfn@st gas ionisation inside the beam
line and cavities.

These stray mixed neutron-gamma radiation field usuatigéis the malfunction of a semi-
conductor based microelectronic and photonic deviceatgitlin the vicinity of the acceler-
ator facility. Hence, the characeristics of this radiatiehd must be well known in order to
quantify the magnitude and time-scale of radiation effectsemiconductors. Thus one has to
deal with (and measure!) high energetic gamma radiatiorsanchlled photo neutrons, with
occurring doses which will be essential to interpretatéatazh effects on microelectronic de-
vices operating close to the accelerating structures. Bhioag summary of radiation types
and effects on electronics see figure 1.

On the one hand one does not want to expose the electronite t@adiation field and
therefore has to protect them, but on the other hand, foetbetintrol properties, like short
cable lengths and calculation times for high beam stabditg wants to have them as close as
possible. This decision still has to be made on the XFEL arddé€signs.

Thus we were participating in a series of radiation measangsserving the purose to
better estimate a typical radiation dose, and dark curcuntisig high gradiant operation. In
the following different dosimeters are shortly introdu@edl a program will be superficially
described which was a first approach to estimate a resportsg foacalculating the radiation
dose coming from the cavities via a given genetic algoritiwhich unfolds the measured
spectrum.



2 Dosimetry
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Figure 1. Radiation types and effects on electronics

2 Dosimetry

Dosimetry is the measurement of absorbed dose in matteissugtresulting from the expo-
sure to ionizing radiations.

Doses are measured in gray (Gy) for matter or sieverts (SWitdogical tissue, where
Gy or Sv= 1 Joule/kilogram. Unfortunately, non-SI units are still samhat prevalent in this
field, thus dose is measured in rad and dose equivalent inTéihrdd = 1 Gy and100 rem
= 1 Sv). The dose refers to the amount of energy or damage de@asimatter.

The worldwide average background dose for a human beingastalds mSv per year,
mostly from cosmic radiation and natural isotopes in theheaworkers who deal with ra-
dioactive substances or might be exposed to ionising iadiatrry personal dosimeters, they
are so called 'controlled persons’. These dosimeters ocomaterials that can be used in
thermoluminescent dosimetry (TLD) or optically stimulhtaminescence (OSL). During our
work we had to enter the FLASH tunnel, and thus were consideoatrolled persons. For
controlled persons in Germany the limit dose per ye@0imSy, in the USA it's50 mSv. To
monitor this, we all had personal dosimeters, which we hagdar each time we entered the
tunnel.

2.1 Radiochromic film

Radiochromic dosimetry detector foils are thin foils of argaa (or particle radiation) sensi-
tive material. It is transparent before exposure to rapigtand develops a gray to blue colour



2.2 TLD

Figure 2: Radiochromic foils, irradiated at one spot

after exposure. The colour intensity is a function of thaatdn exposure; higher exposures
result in progressively darker colour. This colour change lse accurately measured to deter-
mine absorbed dose using any device that measures optitatyder absorbance. In our case
we used a red LED and measured the absorbance with refegeanaihirradiated foil. From
the calibration measurement, where several foils werdiatad with different doses, one can
determine the suffered dose.

The foils may be used over a wide-range of absorbed dosesodkadmic foils have low
sensitivity to ambient room light, which simplifies handjiprocedures and enhances image
stability. The foils can easily be cut by hand, giving therg aize and shape desired.

2.2 TLD

The thermoluminescent dosimeter (TLD) can be used to measnising particles. A ther-
moluminescent material, that is exposed to radiation fagréam time, will emit visible light
when it is externally, thermally excited. The amount of tigheasured while heating is then
directly proportional to the collected dose of the probeckvThe energy from heating will be
stored in electronic metastable states, that than emitght &nd thus the wavelenth depends
on the material one chooses (e.g. LiF, CaF, or AlO).

A TLD and a measuring station is shown in figure 3.

Some util properties are high sensitivity, a relativly wiglgergy range, and the small size
of the probe, besides some more. E.g. recorded signals cstodeel over a long time, due to
low fading, but this effect is temperature dependent.

Since thermoluminescence is a relative measurement meti®decessary to calibrate the
dosimeter in order to obtain absolute values, which is atquieplex method, and will not be
explained here.



2 Dosimetry

Figure 3: TLD and measuring station

2.3 Bubble Dosimeter

Bubble detectors provide instant visible detection andsuesament of neutron dose. Inside the
detector tiny droplets of superheated liquid are dispetisemlighout a clear polymer. When
a neutron strikes a droplet, the droplet inmediately va@sy;i forming a visible gas bubble
trapped in the gel. The number of droplets provides a diregasurement of the tissue-
equivalent neutron dose.

The bubble detector is the only neutron dosimeter for whighresponse is independent
of dose rate and energy, with zero sensitivity to gamma tadia Bubble detectors are so
compact, lightweight and rugged, that they can be clippeal ¢toat or shirt pocket, placed
in areas with limited access, or used in close proximity toeatron source with a quick
assessment. With an isotropic angular response, neutrsa ain be accurately measured
regardless of the direction of neutrons relative to theatete

2.4 LEDs

In addition to the devices described above, also LEdbs used to measure neutron doses. The
light yield of irradiated LEDs drops as a function of the suéfd dose. When the space charge
zone of the diode is damaged by ionizing radiation, recoatimn centers are produced. Due
to that only a fraction of the electron/hole pairs undergtiative recombination, emitting
light. The rest is dissipated in the space charge zone byauhative recombination, they are
catched by the recombination centers.

ILED: Light Emitting Diode



2.5 RADMON

Figure4: Picture of a bubble dosimeter; the upper one is irradiateidbabbles have formed.

After a calibration measurement, similar to the calibmatd radiochromic foils, the dose
can be derived by measuring the light yield with a light sevesidevice.

Since LEDs are very cheap, precisely manufactured andadailin huge quantity, they
are an interesting alternative to other measuring priesigbut there is one reasonable draw-
back. LEDs do not have a high sensitivity, so one can’'t usentttemeasure low doses, only
application in strongly radiating environment makes sense

2.5 RADMON

The RADMON is a permanent radiation measuring device installed in teSH tunnel. In
principle it is nothing more than a SRAM chip and a readoutesys lonizing particle radi-
ation, in our case mainly neutrons, are able to interact thighchip material, dposite energy,
and thus cause a bit to flip. This is called 'Single Event Ud&&U). Said radiation monitor-
ing system permanently reads out the SRAM and compares thentibit configuration with
the previous one. When they differ, a SEU has occured andasded. The SEU history can
be viewed via the internet, using the url:

http:// neo. dnts. p. | odz. pl : 9998/

In figure 6 one can see a RADMON system next to the wall (the SRAMN is located
inside the white 'sphere’), in front of the accelerator miedu
A little anecdote: Since the probability for SEUs increaséh the bit density of the SRAM,

Ishort for RADiation MONitor



3 The experiment

Figure5: Light emitting diode

one expected better results with newer chips. Everyone wasised when suddenly the
opposite occured. After some search one found out, that dreufacturers of these chips
with high bit density already had problems with SEUs causemhbons coming from cosmic

radiation. So there is a built-in radiation shielding impknted, which makes these chips
unusable for radiation detection. Unfortunately nowadayships are produced using this
technique, and so one can hardly find suitable hardware.

3 The experiment

In order to investigate the radiation dose coming from theestonducting cavities due to dark
current and field emission we installed the in section 2 desdrdosimeters in the FLASH
tunnel, supervised by Dr. Bhaskar Mukherjee. We used TLR&bB: dosimeters and ra-
diochromic foils as well as LEDs. The measurement was pedrby distributing several
dosimeters over the cryomodulésind5 of the FLASH linear accelerator (see the sketch in
figure 7). To do this, we fixed the devices on cords. Altogeteprepared6 of these cords
to perform two measurements, one from mond&yof august to tuesdag!” of august, and
the second one from said tuesday to wednestfayf august006.

Since every cryomodule consists of eight cavities we coatdnstrument every cavity with
detectors, but every second. So we installed, tieing théscaround the cryomodule, eight
Bubble dosimeters and eight TLDs, each on top of the module,1% radiochromic folils,
eight on top and eight on bottom of the module (see figure 8dtition to that we equipped
the power coupletsof every cavity with two radiochromic foils each, every timpetting a
high sensitive and a low sensitive one (see figure 9). LED®wssunted directly onto the
beam pipe, just on the pipe going into module 4 and on the oméngpout of module 5.

1The radio frequency is fed into the cavities via the powerpbers
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Figure7: The FLASH facility.

The detectors were exposed over night, and the next daycezpfar the second measure-
ment. All relevant data for the measurement series is suinethin table 1.

4 Evaluation

First, the suffered dose of every detector has to be detednin

The TLDs are read out using a special device, which heats @@ tlbs and measures
the light emitted. Radiochromic films are evaluated by illoating them with a red LED,
measuring the light transmitted. The dose can be deternfiiaetthe calibration curve. LEDs
are analyzed in a similar way.

The evaluation of the suffered dose of bubble dosimetersushnmore exhausting, since
the number of bubbles had to be counted by hand. But once théemis known, the dose
can be derived using the calibration curve.

Since each of these detectors measures the integratedsdas®jng up the radiation from
all directions, one can not easily tell which cavity radsatehich dose. The situation can be



5 Unfolding using a Genetic Algorithm (GA)

TLD Cell

Bubble Detector

Figure 8: Detectors tied to module.

written in form of a set of equations, using a matrix représeon.

CI)l A171 Al,n \Ijl
S e I R (1)
d,, Apa oo Amn v,

The column vector on the left hand side of the equation remtssthe measured doses,
whereas the vector on the right hand side of the equal sigesepts the dose coming from
each cavity. The matrix, that connects these two vectoralisd 'response matrix’. It de-
scribes the mixing of the emitted doses from all differentiti@s arriving at the different
detectors, taking into account screening and distanceteffEor a graphical representation of
this context see figure 10.

The vector of the emitted doses is unknown and one wants teedér The set of equa-
tions can’t be solved exactly, since the response matriotgoadratic. And even if it were
guadratic there would exist an infinite manyfold of soluso herefore one needs a way to
find the solution vector, that fits the measured data bests iBh¢alled 'Unfolding’. The
technique we used was a so called Genetic Algorithm.

5 Unfolding using a Genetic Algorithm (GA)

The GA is a stochastic global search method that mimics thtapher of natural biological
evolution. GAs operate on a population of potential sohgiapplying the principle of survival



GAF- Film Dosimeter

Figure 9: Detectors at power couplers.

| Series: | 1, 7" — 8™0of august006 | 2%, 8™ — 9" of augus006 ||
RF-Gun Status: OFF OFF
Duty Cycle (Rep rate)i| 10 Hz 10 Hz
Start: 16:00 hr 11:00 hr
Stop: 9:30 hr 14:10 hr
Exposure Duration: 17h 30min 26h 10min
Gradient (ACCA4): ~ 220 ~ 1487
Gradient (ACC5): ~ 225 ~ 308
Cavity Status: All cavities in operation All cavities in operation

Table 1: Radiation measurement, relevant data



5 Unfolding using a Genetic Algorithm (GA)
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Figure 10: Concept of response matrix.

of the fittest to produce (hopefully) better and better appnations to a solution. At each
generation, a new set of approximations is created by theepsoof selecting individuals
according to their level of fitness in the problem domain areetling them together using
operators borrowed from natural genetics. This procesisleathe evolution of populations
of individuals that are better suited to their environmdratrt the individuals that they were
created from, just as in natural adaptation.

Step 1. create an initial population of randomly derived solutions
One advantage of a GA is, that no estimate of the solutiongsesary to start from.
The first generation of individuals is created randomly.

Step 2: find the best fitting individuals in the population.

During the reproduction phase, each individual is assignfthess value derived from
its raw performance measure given by the objective functioour case, the individual
is multiplied by the response matrix, and afterwards a finedue (comparable to a
root mean square) for the deviation from the real measuretbves calculated. This
value is used in the selection to bias towards more fit indiigl. Highly fit individuals,
relative to the whole population, have a high probabilitypefng selected for mating
whereas less fit individuals have a correspondingly low abdliy of being selected.

Step 3: breed together the best fitting individuals.
Once the individuals have been assigned a fitness value ctirepe chosen from the

population, with a probability according to their relatiit®ess, and recombined to pro-
duce the next generation.

Step 4. mutate the new generation.
A further genetic operation, the mutation, is then appl@the new generation, again

10



with a set probability. Mutation causes the individual geneepresentation to be
changed according to some probabilistic rule.

Step 5: repeat the steps 2 to 4.

This has the effect of tending to inhibit the possibility oihwerging to a local optimum,
rather than the global optimum. After recombination andatianh, the individuals again
are assigned a fitness value and are selected for matingdatgao their fithess, and
S0 the process continues through subsequent generatiotigs way, the average per-
formance of individuals in a population is expected to iases as good individuals are
preserved and bred with one another whereas the less fiidndig die out.

Step 6: stop the process, when certain criteria are satisfied.

The GA is terminated when some criteria are satisfied, e.grtaio number of genera-
tions, a mean deviation in the population, or when a padicpoint in the search space
is encountered.

Running through these steps, the GA is able to solve muladsional inverse optimization
problems and yields the best solution for a global minimurthefobjective function.

With help of a genetic algorithm we tried to find out the dos#iated by each cavity (see
also[1]). To do this, we assumed the points, where the iadiabmes from, to be in the center
of the cavity. We called these points the 'expansion poiietsthe unfolding procedure. To be
precise, radiation is assumed to come from the beam axis, thhe center of the fifth cell of
each cavity. With these assumptions we know the whole gegroéthe experiment and can
calculate the response matrix, that links the radiatiomefdavities and the dose measured by
our detectors.

6 Calculating the response matrix

The response matrix takes into account the weakening ofatthi@tron due to the distance
between source and detector and the absorption in shiefdatgrial. The intensity of the
radiation drops proportional to

Al < 1/7? (2)

wherer is the distance between the radiation source and the detecto
The attenuation delivers an additional factor of

AT o 2 Hder 3)

1 is the attenuation coefficient of the shielding material dpdis the effective thickness
of material traversed, taking into account the angle betvibe surface orientation and the
direction of radiation. After travelling a distance bfi: through the material the intensity has
dropped to one half of the initial one.

11



6 Calculating the response matrix

In order to have the possibility to calculate response mmedrior any set of expansion points
and detector positions, we developed a litte program, thes the work for us.

This little routine provides the possibility to choose anymber of arbitrary expansion
points inside a cylindrical steel shield of freely seletgatadius, thickness and attenuation
coefficient. Moreover one can choose any number of arbittatgctor positions outside the
shield. Using these input data the program calculates theaomatrix element for every
direct line from each expansion point to each detector.

The consideration of equation (2) is easy, one only has tutak the absolute distance
between the current expansion point and the current detgesition. Thel /7 law describes
the dropping of the flux density of particle radiation. It aaasily be understood when one
takes into account that we assume a pointlike source. If wddnastrument the whole space
angle4r, we would measure every particle radiated by the sourceceSpherical surfaces
grow proportional tor?, the flux density drops proportional ty72. That leads us to the
problem, that we can’t derive the flux density of the souraganse we assumed it to be
pointlike. Therefore we calculate the flux density at a givefierence radius rear the source.
In our case this reference radius was chosen to be 1 cm. Theldlsity at the reference
radius can be calculated, using said law, like this:

fref = Tﬁetector/rgef ’ fdetector (4)

Thus, the matrix element has the form

2
Tref(') (001m)2
fdetector(i) = rzij ’ fref(j) = 727 ’ fref(j) (5)
detector(i) detector(i)

Due to this we have to consider an additional fa¢tod1m)?.

Considering equation 3 is more difficult, since one has touwate the cosine of the angle
between the difference vector (between the expansiongpamd the detector positions) and
the normal vector of the perpendicular plane in the intdrge@oint. This is done by the
MATLAB function 'costheta.m’. As an input it accepts eitheepair of vectors (defining ex-
pansion and detector point), a list of pairs of vectors (lleeecosine is calculated for every
pair of vectors seperately), one vector defining the exparsoint and a list of detector coor-
dinates (calculating the connection between this expansiint and every detector point) or
vice versa with a list of expansion points and one detectortpburthermore, since the angle
between the difference vector and the normal vector is digagron the radius of the cylinder
surface, the radius has to be put in, too.

Once the cosine of this angle is calculated, the effectivkitiess the radiation 'sees’ is calcu-
lated according to
deg = d/cos(0) . (6)

With these ingrediences the response matrix can easilylbelated.
Figures 11 and 12 show a three dimensional and a two dimeaisiepresentation of an
example response matrix. Considering the logarithmicescahe can see, that expansion

12
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Figure 11: 3D matrix representation.

points far away from detector points hardly contribute. tmgiple, this promises a good
discrimination of the doses radiated by different cavities

7 Results

We have explicitly evaluated the gamma and neutron dose retar the ACC 4 and ACC 5

modules produced by cavity field emission (figures 13 and Thg gamma dose rates were
found to be two orders of magnitude higher than the neutrese dates. Both gamma and
neutron dose rates rise exponentially with the incremetii@module gradient.

We also have evaluated the gamma dose rate at every powdecotipoth modules using
radiochromic films (figure 15).

The radiation field emitted by each of the eight cavities pedute was unfolded using
the readings of the eight TLD gamma detector (inverse caticud). Unfortunately the result
of the unfolding was not satisfying, although the unfoldeslity doses could very precisely
explain the measured doses. Our assumption is, that onedessctibe the radiation properties
of the cavities by simply assuming all the radiation comirgf the middle. This violently

13
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Figure 12: 2D matrix representation.

simplified model is too simple. In reality the radiation soeiisn’t located on the beam axis,
but comes from the surface of the cavity, moreover the whinle celles radiate, not only the
center cell of a cavity alone.

Since we have only eight detector points for 16 cavities, afolding procedure using
more than one expansion point per cavity would not yield gasailts. But recently another
measurement with 38 radiochromic foils is done, and we hiogiantith these data an unfolding
will give us reliable and satisfying results.

As a further outlook to this topic we can say that the whole goity (of XFEL as well
as ILC) are highly interested in this type of radiation doseneation in order to be able to
plan correctly and finally decide where all the control pavit go (either inside or outside
the tunnel). This will imply different regirements for thgssem, such as “will there be two or
only one tunnel?” and “If electronic systems are placed éndinect vicinity of the beam line
how good will it have to be protected against radiation?”ud hke in our feedback loop one
thing affects the next and answers to questions always teeeM questions. . .
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