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Abstract

XENON Dark Matter Project searches for the dark matter candidate, the Weakly Interacting

Massive Particle (WIMPs). All XENON experiments use a time projection chamber (TPC) to

detect nuclear recoils resulting from WIMP-nuclei scattering. Photomultiplier tubes (PMTs) read

out the signal from the scintillation and ionization of the xenon triggered by the nuclear recoils.

This paper details PMT gain measurements and equalization for the XENON 1T Demonstrator.
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The recent cosmic microwave background measurements by the European Space Agency’s

Planck space telescope reveal that only about 15% of the matter content of the universe can

be explained using the Standard Model of physics.1 The remaining 85% is non-baryonic mat-

ter known commonly as dark matter. Dark matter was first hypothesized by Fritz Zwicky in

1933 after he found discrepancies in the calculated total kinetic energy and the total poten-

tial energy using the virial theorem. While Zwicky was largely ignored, today the evidence

of dark matter is overwhelming. Gravitational lensing, cosmic microwave background mea-

surements, and galactic rotational curves all indicate its existence.2 While there are many

proposed candidates of for dark matter, the XENON Dark Matter Project is searching for a

new elementary particle known as a Weakly Interacting Massive Particle (WIMP). WIMPs

are heavy, small, non-relativistic particles thought to be created in the Big Bang. They

are only subject to weak and gravitational forces and interact with visible matter primarily

through WIMP-nuclei scattering.

XENON Dark Matter Project searches for WIMPs through direct detection. XENON

uses a liquid xenon (LXe) detector in Gran Sasso National Laboratory to find nuclear recoils

resulting from WIMP-nuclei scattering. XENON currently is in the process of creating the

successor to its XENON 100 Experiment, the XENON 1T Experiment. XENON 100’s detec-

tor used 160kg of LXe whereas XENON 1T would use 2.5tons.3 In order to study and resolve

the challenges that result from increase to such a large detector, the XENON Dark Matter

Project has created a prototype detector, the XENON 1T Demonstrator. The Demonstrator

is essentially a cut out sliver the future XENON 1T detector as it is comparable in length

but only holds about 60kg of LXe.

All the XENON detectors use a time projection chamber (TPC) as the location for

particle interactions. XENON uses a two phase (gas-liquid) TPC. WIMPs travelling through

the LXe hit a nucleus and scattering occurs causing a nuclear recoil. The nuclear recoil

excites electrons in the surrounding xenon atoms causing photon emission and ionizes the

surrounding xenon atoms through electrons escaping. The scintillation light is immediately

registered on the photomultiplier tubes (PMTs) that lie on both the top and bottom of the

TPC. This signal is known as S1. The free electrons are accelerated upwards because of an

electric field applied to the region of the LXe. Once these free electrons reach the xenon gas,

proportional scintillation occurs due to the presence of a much stronger electric field than the

one in the LXe. This proportional scintillation light is recorded by the PMTs and labelled
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FIG. 1: Schematic drawing of time projection chamber.2

S2. XENON is able to discern nuclear recoils from electronic recoils caused by gamma rays

or beta decay based on the ratio between the initial proportional scintillation signal and

the initial scintillation signal, S2/S1. For electronic recoils, S2 is much higher whereas S1 is

similar to that of a nuclear recoil. It should be noted that since the Demonstrator is simply

a prototype, it is not searching for WIMPs and therefore only looks at electronic recoils

resulting from radioactive sources being placed in the detector.

The bottom PMTs in the TPC primarily measure the amount of light in the S1 and S2

signal. The top array of PMTs reconstruct the position of the particle interaction. The

x and y-coordinates are found from the hit patterns on the top PMTs while z-coordinate

is determined from the time between the S1 and S2 signal and the electron drift velocity

determined by the electric field of the LXe. For the XENON 1T Demonstrator, there are

seven top PMTs and only one PMT on the bottom. It is crucial to understand the properties

of the specific PMTs used in the TPC in order to calculate the light level and reconstruct the

position of the particle interactions. The most important factor is the gain of each PMT,

or the amount of electrons produced per incoming photon. The remainder of this paper

will give an overview of PMTs and a detailed account of PMT gain measurement for the

Demonstrator.
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Photomultiplier tubes convert photons into electrical signal. Incoming photons enter the

window of the PMT and hit a photocathode where the photons are converted through the

photoelectric effect. These new photoelectrons are then subject to electric fields due to

focusing electrodes in the PMT, which guide them towards the first dynode in the dynode

chain. The dynode chain is where the electron multiplication process occurs. Upon striking

the first dynode the photoelectrons free electrons from the materials surface through sec-

ondary emission. These electrons then travel down the chain further multiplying with each

hit. Finally an anode at the bottom of the PMT collects all the electrons as current and

sends the signal to an external circuit.

The most important factor of a PMT is its gain or the amount of electrons produced per

incident photon. In order to use a PMT signal for measuring particle interactions, one must

be able to determine the amount of original photons otherwise the signal is meaningless.

The focus of this paper is PMT gain calculation and then equalization for the XENON 1T

demonstrator. Manufacturers often list PMT gains in a datasheet but these values are aver-

aged over many PMTs and are found at room temperatures. The PMTs in the XENON 1T

demonstrator operate at very cold temperatures and thus behave very differently. Therefore,

we must calculate the gain of each individual PMT while it is in the demonstrator.

We find the PMT gains by flashing an LED located inside the TPC triggering a 4µs

response window for the PMTs. It is most beneficial to have single photon pulses hitting

the PMTs so the total number of electrons produced is the gain. The LED pulses follow a

Poisson distribution,

P (r) = µr ∗ e
−µ

r!
(1)

In order to increase the likelihood of a one-photon pulse, we find µ such that the probability

of a two-photon pulse is a tenth that of a one-photon pulse. This occurs when µ is .2 and

81.9% of the triggers have no photon. The LED voltage is adjusted until this occurs. We

then record data for 100,000 events to get a large enough sample size to effectively measure

the gain.

In an ideal PMT, the event signal would be zero everywhere except for a single voltage

value representing the collected electrons. Our traces, however, show small amounts of

background noise. In addition, the PMTs don’t have perfect resolution meaning the electrons

aren’t collected by the anode all at once but rather over a small time period causing the

signal to be spread out over a few samples rather than lying in one single voltage value. It is
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necessary for us to know how many samples we need to include in our gain calculations so we

create a series of histograms for the sample containing the sample with the largest amount

of electrons, as the voltage values have been processed and converted into the corresponding

number of electrons, and a few samples before and after this maximum value. An example

of such is found in fig. 2.

FIG. 2: Example of set of multiple histograms for events with highest electron sample and for events

that with samples that came before for PMT 0 at 1600V.

We find that only the samples immediately before and after the sample with the largest

number of electrons, seen in red in fig. 2, distinguish themselves from the noise. We now

create one single histogram of the data from the three relevant samples. An example from

PMT 0 at 1600V is seen in fig. 3. If the PMTs had a perfect resolution, the histogram

would only include a straight line at 0 and then another at the exact value for the gain. The

signal, however, is not always 0 for a no-photon pulse or the exact value of the gain for a

single-photon pulse. Instead, we see two distinct peaks, one centered at zero and the other

centered at the gain value for PMT 0 at 1600V. We calculate this central value by fitting a

Gaussian distribution to the peak. The histogram for PMT 0 at 1600V with the Gaussian

fit is seen in fig. 4. We see that for PMT 0 at 1600V, the gain is 1.03(3)x107. Our goal is

be able to find the exact relationship between gain and voltage for PMT 0 so we take data
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FIG. 3: Example of a single histogram with data from all three relevant samples for PMT 0 at 1600V.

FIG. 4: Histogram of relevant samples for PMT 0 at 1600V with Gaussian fit included.

for a range of voltages from 1500V to 1700V. Having extracted the gain for each of these

voltages in the same fashion as with the 1600V data set, we graph gain as a function of

6



voltage. The graph has an exponential fit because that is the relationship between voltage

FIG. 5: Graph of gain as a function of voltage with an exponential fit for PMT 0 with an LED voltage

of 3.75V.

and gain for a PMT. The gain of a PMT is determined by its dynode chain. The secondary

emission factor, δ, for the each dynode depend on energy of the incident electrons, which in

turn depends on the voltage between the dynodes, Vd,

δ = KVd (2)

where K is a proportionality constant. The overall gain of the PMTs is decided by the

number of dynodes in the chain, which assuming the voltage is equally distributed between

them should yield the following equation,5

G = δn = (KVd)
n (3)

Therefore, we use an exponential fit.

So far we have only looked at the bottom PMT, 0. Now we want to find the gain-

voltage curve for each of the top PMTs, 1-7, in order to not only understand their specific

gains at various voltages but also to eventually equalize the top PMTs so that their gains

are comparable. The top PMTs are used for coordinate reconstruction for the particle
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interactions, whereas PMT 0 is primarily used just to measure light levels of the S1 and

S2 signal especially if the S1 signal is too low to reach the top PMTs. Since they serves

different purposes, the PMTs themselves are actually different types. The PMT 0 is able

to use much higher voltages to achieve larger gains than any of the top PMTs. Because

of the difference between PMTs, the data set we use to measure the gain of PMT 0 that

corresponds to an LED voltage of 3.75V does not give useable graphs for the top PMTs.

Figure 6 shows the histogram for PMT 3 at 850V from this data set. There is no clear single

FIG. 6: Example of an unusable histogram from PMT 3 at 850V from the data set with LED voltage of

3.75V.

Gaussian peak and the two peaks on either side of 2x106 cannot correspond to a multiple

photon event which would cause the curve to be an aggregate of multiple Gaussian peaks,

each peak smaller than the previous.

In order to obtain a useable data set, we lower the LED voltage to 2.65V. We again

compile a series of histograms in order to find the relevant samples. An example of this can

be seen in fig. 7.

As with PMT 0, only the highest signal and the signal immediate before and after it from

each event are relevant for our gain calculations. We now make a single histogram from the

relevant samples as seen in fig. 8.
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FIG. 7: Example of a set of histograms for the sample with the highest signal from each event and the

samples for the signals before for PMT 6 at 650V. Only the signal immediate before the highest in each

event shown in red is distinguishable from the noise.

FIG. 8: Histogram of relevant samples for PMT 7 at 750V.

9



Unlike with the histograms from PMT 0, which had a single discrete Gaussian peak, this

peak is significantly wider, trailing on and on. This suggests that there were a significant

number of events with multiple photons. If events with two photons occurred, then a peak

will show up with twice the number of electrons than the peak for one photon events. If

events with three photons occurred, it would be three times and so on for more and more

photon events. Each consecutive peak is smaller than the last because the probability of it

occurring follows the Poisson distribution detailed earlier in this paper. Since these peaks,

which are each individual Gaussian peaks, overlap the histogram ends up looking like one

large peak that gradually decreases as one can see in fig. 8.

Since the histogram clearly has multiple photon events, we cannot fit it with a single

Gaussian alone. Instead we must fit multiple Gaussians to the histogram. For PMT 7 at

750V, which use a four Gaussian fit, this can be seen in fig. 9.

FIG. 9: Histogram of relevant samples of PMT 7 at 750V with a fit of four Gaussians shown in black.

The blue dotted lines represent in the individual Gaussian peaks.

The first Gaussian peak from the pedestal is the peak for single photon events and

therefore its mean is the gain of the PMT. PMT 7’s gain at 750V is 9.9(2)x105.

The gain-voltage curves for PMTs 1-7 are shown in fig. 10- 16 respectively. Some graphs

do not have all five data points for the voltage range 650-850V. This is mainly due to the
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FIG. 10: Graph of gain as a function of voltage for PMT 1 at LED voltage 2.65V. An exponential fit is

shown in black.

FIG. 11: Graph of gain as a function of voltage for PMT 2 at LED voltage 2.65V. An exponential fit is

shown in black.
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FIG. 12: Graph of gain as a function of voltage for PMT 3 at LED voltage 2.65V. An exponential fit is

shown in black.

FIG. 13: Graph of gain as a function of voltage for PMT 4 at LED voltage 2.65V. An exponential fit is

shown in black.
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FIG. 14: Graph of gain as a function of voltage for PMT 5 at LED voltage 2.65V. An exponential fit is

shown in black.

FIG. 15: Graph of gain as a function of voltage for PMT 6 at LED voltage 2.65V. An exponential fit is

shown in black.
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FIG. 16: Graph of gain as a function of voltage for PMT 7 at LED voltage 2.65V. An exponential fit is

shown in black.

gain being too low for it to be discernible from the pedestal peak at 0.

Now we are able to find the voltages necessary to equalize the PMTs. Equalization allows

us to easily and quickly compare data without having to correct for gain differences since

they should be minimal. We want a gain of 2x106 so we use the following voltage values:

PMT Voltage (V)

1 810

2 790

3 820

4 730

5 770

6 750

7 810

For dark matter searches using a time projection chamber, such as the case with the

XENON experiments, it is essential to know the PMT gains in order to effectively compare
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data between them to identify nuclear recoils from WIMP-nuclei interactions. It is useful

to also have PMTs in the same array equalized so their readouts are proportional. Using an

LED-trigger based test is a successful way to determine the exact relationship between gain

and voltage for each of the PMTs at the low energy of the Demonstrator’s TPC. Further

LED-trigger calibrations could be performed changing LED voltage to see how slight changes

might change the gain-voltage graphs especially in cases of multiple-photon events
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