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Abstract We determined an estimate of the absolute zero temperature by measuring
the gas pressure of a fixed volume at two reference temperatures (ice water and boiling
water) and fitting the linear model p = at+b. The pressure sensor was calibrated against
the barometric reference, yielding C' ~ 713.3 Pa/mV and py ~ 7.934 x 103 Pa. From the
fit we obtained the intercept t, = —276.89°C, which deviates from the accepted value
—273.15°C by 3.74°C (~1.37%). Using the calibrated thermometer, the liquid-nitrogen
temperature was estimated as t;,n2 & —186°C, about 10°C above the literature value. The
main uncertainty stems from incomplete thermal equilibration, small parasitic volume and
the two-point linear model. Overall, the method provides a reliable order-of-magnitude

estimate; more temperature points and longer equilibration would further reduce the error.
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Introduction

The absolute zero point The absolute zero is the lower limit of thermodynamic tem-
perature. In the SI it is common practice to express a thermodynamic temperature T
in terms of its difference from the reference temperature Ty = 273.15 K (close to the ice
point); this difference is the Celsius temperature [5, p. 133]. One degree Celsius therefore
corresponds to 1/273.15 of this interval.

For an ideal gas at fixed amount of substance n and fixed volume V', the pressure and
temperature are related by [1]

pV =nRT,

so that, at constant n and V', the pressure is proportional to the absolute temperature:
p o« T. Extrapolating a linear p(T") relation to p = 0 thus yields an estimate of the
absolute zero [2|. In practice, the exact value cannot be reached experimentally, but it

can be inferred by careful measurement and extrapolation.

Scope of this experiment. In this experiment we determine an estimate of the abso-
lute zero by measuring the gas pressure of a fixed volume at two reference temperatures
(ice water ~ 0°C and boiling water ~ 100°C), calibrating the pressure sensor with a baro-
metric reference, fitting a linear model p = at + b (with ¢ in °C), and extrapolating the
z-intercept tg = —b/a. From the measured nitrogen pressure we additionally estimate the

temperature of liquid nitrogen.
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Experiment

In this experiment a piezoresistive pressure sensor was used with a maximum signal error

of 0.075 mV. The experimental setup can be seen in Fig.1.

pressure sensor

Glas bulb

Figure 1: On the left a photography and on the right a shematic of the experimental setup. [3]

Firstly, atmospheric ambient pressure p; was determined, using a mercury barometer,
as well as the table seen in Fig.2. Voltage U; was measured by opening valve 1 and
disconnecting the tube from the valve, exposing the piezoresistive pressure sensor to at-
mospheric pressure. The glass bulb was connected to the vacuum pump and evacuated,
by connecting the tubes and opening valve 2, until the pressure reached 0.1 mbar after
10 minutes and the voltage U, was measured. Then, valve 2 was closed to disconnect the
pump from the bulb and valve 3 was opened to fill the bulb with helium. After three
minutes, valve 3 was closed. The bulb was evacuated again for 10 minutes and filled with
helium in the same way as in the previous step to remove residual air. The boiling point
of water tx was determined using atmospheric pressure p;, and the table in the laboratory,

seen in Fig.3.
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The hose at position of the valve 1 was disconnected and the bulb was heated to the boiling
point of water by submerging the bulb in the prepared kettle, seen in Fig.4. Furthermore,
valve 1 was closed and the voltage Ui was measured. The bulb was submerged in a beaker
and water, as well as ice, was added to cool the bulb to 0 °C, seen in Fig.5. As soon as

the voltage was stable, the value Up was recorded.

]
W

azsozh
oo

Figure 4: Experimental setup in kettle. Figure 5: Experimental setup in ice water.

Moreover, the bulb was removed from the beaker, dried and submerged in liquid nitrogen

to determine the voltage Uy n,, seen in Fig.6.

Figure 6: Experimental setup in liquid nitrogen.
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Results

The ambient pressure p; was found to be 720 +£ 1 mmHg which is equal to 96000 £+ 133
Pa. This resulted in a corrected barometer reading p; of 717 &= 1 mmHg, which is equal
to 95600 + 133 Pa. The air temperature ¢; was determined to be 22.0 & 1.0 °C and the
voltage Uy, was measured to be 122.9 + 0.075 mV. The calibration points at low pressure
were found to be p; = 0.10 £ 0.10 mbar, which is equal to 10.0 & 10.0 Pa and U; =
-11.11 £ 0.075 mV. The boiling point of water tx was determined to be 98.5 °C and the
voltage Uy at the boiling point was 122.5 + 0.075 mV. The temperature of ice water tg
was determined to be 0.00 °C and the voltage Ug was 87.44 £+ 0.075 mV. The voltage
obtained by submerging the bulb in liquid nitrogen was found to be Uy, = 20.97 £ 0.075
mV.

Table 1: Overview of all measured results, rounded to their significant digits.

variable value
DL 95600 + 133 Pa
tr, 22.0 £1.0°C
Uy, 122.9 £ 0.075 mV
e 10.0 £ 10.0 Pa
Uy -11.11 £ 0.075 mV
ti 98.5 °C
Uk 122.5 £ 0.075 mV
tg 0.00 °C
Ug 122.5 £ 0.075 mV
ULn, 20.97 £ 0.075 mV

Data Analysis

Sensor calibration. From the two calibration points (ambient and low pressure) we use

the linear sensor model
p=po+CU (UinmV, pin Pa).
With the corrected barometer reading for p; we obtain
C ~ 713.3 Pa/mV, po &~ 7.934 x 10° Pa.
Using the measured voltages at the reference temperatures then gives

pr = po+ C Uk ~ 9.53 x 10* Pa, pE =po+ CUg ~ 7.03 x 10* Pa.
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Linear fit p(t) = at + b and z-intercept. Fitting a straight line in the (¢, p)-plane

yields (values from our two points)
a ~ 2.539 mbar/°C (253.9 Pa/°C), b ~ 703.0 mbar (7.03 x 10* Pa).

The z-intercept (estimate of the absolute zero) is

b
-~ —276.89°C.
a

#=

Exact correction with ¢ and ~. Including the empty-space fraction ¢ = 1072 and the

glass expansion 7 = 107° °C~! leads to the quadratic form in y:

aqg = (1+¢e)pp — (1 + €+ vtk)pk,
by = c(px — pe)tx + (1 +vtx)pxte — pe(ts + k),

Cq = PElLlK,

—by £ /b% — 4a,c
tg = — 5 d a4 (root near —273.15°C).
a

q

With our numbers (aq = —251.28, by = —63697, cq = 1523279 in consistent units) we
obtain
to = —276°C.

Liquid nitrogen. From the measured nitrogen pressure in the bulb we find
pLye & 2.29 x 10 Pa.
Approximate estimate (linear model):
ting ~ —186°C.

Exact expression using

PE PE — PLN2 Aty + pLne
3 ting = —(—————

A= ,
tg —to tr, —to A — 7y prne

gives A ~ 2.55 and
tLNg ~ —186°C.

Our estimate (~ —186°C) differs from the literature boiling point of liquid nitrogen,
—195.795°C at 1 atm, by about 10°C [4].

Comments on uncertainty and systematics. The fit is based on only two tem-
perature points, so model uncertainty dominates. Further contributions are barometer

correction at py, insufficient waiting time to reach thermal equilibrium, partial immersion
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during the LNy measurement, and the corrections via ¢ and . Using the corrected py,

changes C, pg, px slightly, while the intercept ¢y remains comparatively stable.

Linear regression p(t)
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Figure 7: Linear regression p(t) showing the z-intercept tg.

x-intercept and comparison to absolute zero. From our linear fit we obtain the
z-intercept ¢, = —276.89°C. The accepted value of the absolute zero is —273.15°C. So

the absolute deviation is:
At = |t — (—273.15°C) | = 3.74°C.

Expressed as a relative (percent) deviation with respect to 273.15 K:

At 3.74
x 100% =~

1 ~ 1. .
27315 o315 < 100% = 1.37%

Thus, the simple linear extrapolation of p(¢) provides a reasonably accurate estimate of
the absolute zero (only about 1.4% deviation). The remaining discrepancy can plausibly
be explained by systematic effects such as insufficient cooling/thermal equilibration (we
may have recorded the measurement slightly too early), as well as residual instrumental

effects (barometer correction, sensor drift) that bias the intercept more than the slope.
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Discussion

Accuracy of the z-intercept. Our linear fit gives t{, = —276.89°C. Compared with
—273.15°C this is At = 3.74°C or 6 = 3.74/273.15 ~ 1.37%. This shows that a two-
point linear extrapolation of p(t) gives a reasonable estimate of the absolute zero. We
attribute most of the ~1.4% deviation to incomplete cooling/thermal equilibration in the
ice and LNy baths: the gas was likely slightly warmer at readout, raising p and shifting

the intercept to more negative t¢.

Likely sources of discrepancy. (i) Equilibration: not fully at bath temperature
= pressure offset. (ii) Barometer reference: corrected vs. uncorrected pj, alters C| pg
(hence pg, pr) and slightly ¢y. (iii) Parasitic volume / glass expansion (¢, ): imper-
fect values bias the exact ;. (iv) Sensor behaviour: nonlinearity/offset/resolution in
U propagate via p = pg + C'U and affect b more than a. (v) Geometry / immersion:

partial immersion or tiny leaks change the effective gas volume/temperature field.

Model limitations. With only {5 =~ 0°C and tx ~ 100°C the fit is strictly linear; any
curvature or temperature-dependent effects are absorbed into the intercept and dominate

the model uncertainty.

Liquid nitrogen estimate. The approximate and exact LNy temperatures (from ppne
and A) are both ~ —186°C, about 10°C above the literature value (—196°C), consistent

with the effects noted above.

Improvements. (a) Add one-two intermediate temperature points; (b) ensure full equi-
librium (longer wait, repeated readings); (c¢) document use of the corrected pr; (d) control
immersion depth and minimise parasitic volume; (e) quantify instrument resolution to re-

port an uncertainty on tg.
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Conclusion

Using a piezoresistive sensor calibrated with the barometric reference, we obtained C' =~
713.3Pa/mV and py ~ 7.93 x 103 Pa; the corresponding pressures at the reference points
are pp ~ 7.03 x 10* Pa and pr &~ 9.53 x 10* Pa [3|. A linear fit p(t) = at+b to these points
yields a ~ 253.9 Pa/°C and b =~ 7.03 x 10? Pa, giving an intercept t{, = —276.89°C. This
differs from the accepted —273.15°C by 3.74°C (~1.37%), showing that even a two-point
extrapolation provides a reasonable estimate of the absolute zero. The exact correction
that includes the parasitic volume and glass expansion (¢ = 1073, v = 1072 °C~!) leads

to a consistent value (tp ~ —276°C).

From the measured nitrogen pressure we obtained tyne &~ —186°C, about 10°C above
the literature value, plausibly explained by incomplete thermal equilibration and geome-
try /immersion effects observed during the LN; step. Overall, the method and calibration
are sound; adding one or two intermediate temperatures and enforcing longer equilibration

would further tighten the uncertainty on tg and tno.



Departement of Physics, ETH Zurich Experiment 9

Appendix

AT Usage Declaration

This report was prepared with assistance from ChatGPT (OpenAl) for language polishing,
formatting suggestions, and for helping to develop, debug, and correct the syntax of
the Python code. The AI was not used to generate raw data, to select results, or to
determine the final conclusions. All scientific content (methods, calculations, results,
and interpretation) was critically reviewed and validated by the authors. The authors
take full responsibility for the accuracy of the analysis and for any remaining errors. No
confidential or personal data were provided to the Al system during the preparation of

this report.
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Python Code

1 import numpy as np
2 import matplotlib.pyplot as plt
3 from pathlib import Path

5 # SETTINGS (EDIT THESE)

7 # Use corrected barometer reading for calibration?

8 USE_CORRECTED_pL = True # True = use corrected pL; False = use uncorrected pL

10 # --- Sensor readings (from your sheet) ---

11 UL_mV = 122.92 # U at ambient pressure (mV)

12 Ut_mV = -11.11 # U at low pressure (mV)

13 pt_Pa = 10.0 # low pressure in Pa (e.g. 0.1 mbar 10 Pa)

14

15 # Barometer readings (Pa)

16 pL_uncorr_Pa = 95991.84 # uncorrected barometer reading

17 pL_corr_Pa 95609.21 # corrected barometer reading

19 # Measurements at reference temperatures (mV)

20 UE_mV = 87.44 # U at ice water (~0C)
21 UK_mV = 122.50 # U at boiling water (t_K)
22

23 # Reference temperatures (C)

24 t_E = 0.0

25 t_K = 98.493

26

27 # Output folder for figures

28 OUTDIR = Path("output")

29

30 # CALIBRATION: p = p0O + C * U
31

32 pL_Pa = pL_corr_Pa if USE_CORRECTED_pL else pL_uncorr_Pa
33 C_Pa_per_mV = (pL_Pa - pt_Pa) / (UL_mV - Ut_mV)

pL_Pa - C_Pa_per_mV * UL_mV

34 pO_Pa

36 # Compute pressures at the two temperature points (convert to mbar for display)
37 pE_Pa = pO_Pa + C_Pa_per_mV * UE_mV

38 pK_Pa = pO_Pa + C_Pa_per_mV * UK_mV

pE_Pa / 100.0

pK_Pa / 100.0

39 pE_mbar

40 pK_mbar

10
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12 # DATA FOR REGRESSION

43

44 ' t_C

np.array([t_E, t_K], dtype=float) # temperatures in C

45 p_mbar = np.array([pE_mbar, pK_mbar], dtype=float) # pressures in mbar
46

a7 # LINEAR REGRESSION p = a*t + b (in Pa)

48

49 MBAR_TO_PA = 100.0

50 £ =t_C

51 p = p_mbar * MBAR_TO_PA

53 # Fit: returns slope a (Pa/C), intercept b (Pa)
54 a, b = np.polyfit(t, p, deg=1)

56 # x-intercept where p=0

57 t0 = -b / a

59 # Convert to mbar-units for human-readable line
60 a_mbar = a / MBAR_TO_PA
61 b_mbar = b / MBAR_TO_PA

62

63 # CONSOLE OUTPUT

64

65 print("=== Calibration (using {} pL) ===".format("corrected" if

USE_CORRECTED_pL else "uncorrected"))
66 print(f"C = {C_Pa_per_mV:.3f} Pa/mV, pO = {pO_Pa:.2f} Pa")
{pE_mbar:.2f} mbar at t_E = {t_E:.3f} C")
{pK_mbar:.2f} mbar at t_K = {t_K:.3f} C\n")

67 print (£"pE

68 print (£"pK
69

70 print("=== Linear regression p = a*t + b ==="

71 print(f"a (Pa/C) {a:.6g1")

72 print(f"a (mbar/C) = {a_mbar:.6g}")

73 print(£"b (Pa) = {b:.6g}")

74 print(f"x-intercept t0 (C) = {t0:.3f}")

75 print(f"Line in mbar: p(t) = {a_mbar:.5f} * t + {b_mbar:.2f}\n")

76

Wk PLOTS

78

79 OUTDIR.mkdir(exist_ok=True)
80

11
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# --- Wide view in Pascals (y-axis in Pa) ---

left

= min(t0 - 20, float(np.min(t_C)) - 20)

right = max(t0 + 20, float(np.max(t_C)) + 20)

t_wide = np.linspace(left, right, 500)

# Regression line in Pa

plt.
plt.
plt.
plt.

7 p_wide_Pa = a * t_wide + b # a,b are in Pa/C and Pa

figure()

scatter(t_C, p, label="Data points") # p is in Pa
plot(t_wide, p_wide_Pa, label="Fit line")

axvline(tO, linestyle="--", label=f"x-intercept t0 = {t0:.2f} C")

# y-borders in Pa

ymin

= min(0, float(np.min(p)) * 0.9)

ymax = max(float(np.max(p)) * 1.1, 1000.0)

plt
plt
plt
plt
plt

plt.
plt.
.tight_layout ()

plt
plt

plt.

.xlim(left, right)

.ylim(ymin, ymax)

.xlabel ("Temperature t (C)")
.ylabel("Pressure p (Pa)")
.title("Linear regression p(t)")
legend ()

grid(True, alpha=0.3)

.savefig(OUTDIR / "regression_en_wide_Pa.png", dpi=160, bbox_inches="tight")

show ()
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