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r=1fm=10""2¢m
Azx-Ap > hK/2

= Ap > k/2r = 98.7MeV /c

| (Ap)min = 98.7MeV /c|

Me € (Ap)mz'n

= | (AE)min = 98.7MeV > 18keV |

Note: Since Az and Ap are meant to be standard deviations in the formal
definition of the uncertainty principle, this is really just a rough order of mag-
nitude estimate. That is, the radius is not the standard deviation of position
and o, cannot really be calculated without knowing the wavefunction of the
electron. Because of differences in convention, the uncertainty principle is also
sometimes expressed as Az - Ap > B, though this means that Ax and Ap are no
longer equal to the standard deviation of position and momentum. Considering
the approximate nature of this calculation, either solution was accepted for full
credit.

2. Bettini 1.4
T=*Hr/T

h=6.58-10 2 MeVs



T, =149MeV == 7, =441 10725
[, =85MeV = 7, =7.74-107%%
I'y=43MeV = 74 =1.53-107%%
Ige =51 MeV — 7 = 1.29- 10235
Ty =93keV == 775y = 7.08.- 1075

Ta=118MeV = 74 = 558 1075

3. Bettini 1.8
CMB — T=3K .

E, sk ~ lmeV = 10"%eV

EBL = A= luym == E=hv=he/A=124eV
We obtain the maximum energy in the CM if we have a head-on collision in
the lab frame so before the collision:

sLaB = (B + E)* — (lpy| = Ip|)* = (By + B)’ - (B, — E)* = 4E,E
After the collision in the CM, we have:
SICM = (2’”’1.3)2 - 02
Setting these invariant masses equal gives:

E =m}/E,
s0 plugging in the photon energies for the CMB and EBL yields:

| EQME, — 261 TV |

(ERPL, = 211Gev |

thres




4. Bettini 1.10

Ep = T7TeV

Since we have a head on collision of two equal energy protons, the total
CM/LAB energy is (obviously) just:

E’}"OT = 14 TeV
For a fixed hydrogen target before #he collision in the LLAB frame,
spap = (Bp + 'mj,,)2 —pf, = mﬁ + mg + 2B,y

We want the CM energy to be 14 TeV as above, so
* 2
som = (ETor)

8CM = SLAB — (Er}-OT)z = 2m32, + 2Epmp

or:
Eor)? —2m2
fo (Efor) P
2my

So we have that

|Ep =1.04-1017 e |

if we want the CM energy of the fixed target experiment to be the same
as that of the head-on collision experiment at LIIC. This is well below the
maximum energy of cosmic rays which is on the order of 1020 eV,
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